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Robert W. Call: Investigations of annealing effects on strontium titanate electrodes for 
application as bare and dye-sensitized photoanodes in photoelectrochemical cells 
(Under the direction of Rene Lopez) 
 Photoelectrochemical cells (PECs) that catalyze the water-splitting reaction with solar 
energy have been proposed as an alternative to electrolysis of water.  The electrodes for these 
cells must have particular qualities with regards to electrochemical stability, dielectric 
properties, optical bandgap, and position of band edges to create a functioning PEC.  Finding 
a material that satisfies all of these requirements is challenge.  Here we consider strontium 
titanate as a photoanode for these cells and attempt to modify these electrodes to have 
optimum properties for this application.   
 Strontium titanate has been considered as a photoelectrode for PECs and dye-
sensitized solar cells because of its electrochemical stability.  Its resistivity, band gap, and 
band edge positions are not ideal for these devices leading many investigators to attempt a 
wide variety of modifications to improve their performance.  One common alteration is to 
anneal strontium titanate electrodes in a variety of atmospheres and temperatures.  A 
significant amount of work has studied the effects of anneals on strontium titanate but a 
systematic study on how changes in annealing conditions effect the photoelectrochemical 
performance of bare and dye-sensitized strontium titanate photoelectrodes is absent from the 
literature.  In this work the effects of annealing atmosphere and temperature on strontium 
titante film electrodes are evaluated in the context of their application as PEC and dye-
sensitized PEC photoanodes. 
iv 
 Strontium titante films were fabricated using pulsed laser deposition.  Spectroscopic 
techniques used for this study include x-ray diffraction, x-ray photoelectron spectroscopy, 
UV-Vis absorption, and spectroscopic ellipsometry.  These techniques are combined with a 
variety of electrochemical measurements to evaluate the photoanodes.  Electrochemical 
measurements included controlled potential techniques, transient absorption spectroscopy, 
Mott-Schottky analysis, and electrochemical impedance spectroscopy.  A 
spectroelectrochemical technique for measuring density of states was attempted but did not 
yield significant results.  A rotating ring-disk electrode setup was used to evaluate the 
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Introduction and Broader Impacts 
Solar energy harvesting is generally recognized as a potentially important player in 
any future sustainable energy economy.1  Photovoltaic and solar-thermal technologies are 
substantially cleaner methods for energy generation than traditional hydrocarbon burning or 
nuclear reactors.  Their operation does not produce dangerous pollutants or risk a 
catastrophic accident.  They could be functional as central power-generating facilities and in 
residential deployment.  These are truly sustainable technologies that are growing and must 
continue to do so to make it a truly viable alternative. 
Besides cost challenges, two of the major disadvantages that solar technology needs 
to overcome are its lack of mobility and its intermittent nature.  Because solar energy is 
diffuse, large surface areas are required to absorb sufficient radiation to meet power needs.  
These collectors are large enough to discourage exclusive use of solar power for practically-
sized mobile platforms.  This is not an issue for residential or commercial electricity 
generation but in 2016 an estimated 27.9 quadrillion BTUs were consumed in the United 
States for transportation purposes with no connection to the electrical grid (see Figure 1.1).  
That is out of a total energy consumption of 97.3 quadrillion BTUs for 2016.  Thus, solar 
technologies will have a hard time addressing the majority of the power requirements in the 
United States barring the widespread adoption of electric vehicles, a condition that will 
require substantial improvements in battery technology. 
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Figure 1.1.  Distribution of energy production and consumption in 2016 in the United States.  
Credit to Lawrence Livermore National Laboratory and the U.S. Department of Energy. 
While immobility is not a show-stopping impediment to the generation of electricity, 
an inability to provide constant power is less than ideal.  Society does not cease to use 
electricity when the sun sets let alone decrease its consumption when the sky is overcast.  
Current solar energy dependent systems combat this problem with banks of batteries, long-
distance voltage transfer, potential energy storage systems, or even flowing molten salts.  
Significant advances have been made with regards to energy storage technologies but many 
of these technologies have similar limitations in mobility as those of standard solar panels in 
that they are large and heavy.   
Looking at these two challenges a simple solution would be to use light to catalyze 
the production of a fuel thereby storing the energy in chemical bonds.2,3  A fuel can be stored 
and used when and where it is needed.  It can be used in vehicles and keep the lights on at 
home when it is dark or overcast.  If the fuel can be produced via a small generation system it 
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would not have to be transported over long distances, thereby increasing its overall 
efficiency.  These so-called “solar fuels” could potentially allow for a relatively seamless 
transition from hydrocarbons to a solar-energy driven based economy. 
A simple methodology for creating a solar fuel would be to use standard photovoltaic 
technology to run a series of water electrolyzers to process water into hydrogen that could 
then be used in fuel cell technology.4  This strategy is attractive in that it involves putting 
together two already well-known technologies.  While this method is convenient there are 
other options that could prove to be more efficient and cost effective. 
Photoelectrolytic processes use light to directly catalyze water-splitting instead of 
relying on a potential difference from an external (man-made) voltage source.  A device that 
could implement photoelectrolysis – a photoelectrochemical cell (PEC) – efficiently would 
be able to efficiently produce hydrogen whenever the sun is shining.  The basic mechanism 
for this process is a semiconductor electrode that can absorb sunlight and use the resulting 
potential difference, and possibly a catalyst, to induce water-splitting.  The possible 
applications for such a device are plentiful.  Installing an efficient PEC onto a vehicle or even 
a home could potentially allow a vehicle to satisfy its own energy requirements or even turn 
vehicles into energy producers instead of consumers.   
A step beyond photoelectrolysis is artificial photosynthesis.  Photosynthesis makes 
carbohydrates through a chemical process that requires only water, carbon dioxide, and 
sunlight.  These carbohydrates have effectively stored energy from the sun in a form that can 
be consumed by the plant when needed.  An “artificial photosynthesis” system would use 
light to synthesize hydrocarbons that could be used as a fuel to run anything from a power 
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plant to a vehicle.  It relies on a similar mechanism as that of the PEC but would additionally 
require the reduction of CO2 to gain the necessary carbon feedstock for the solar fuel. 
Both photoelectrolysis and artificial photosynthesis fall squarely in the field of 
electrochemistry, or more specifically, photoelectrochemistry.  Photoelectrochemistry began 
as the investigation of semiconductor-electrolyte interfaces.  It is an extremely 
interdisciplinary field involving aspects of physical chemistry and semiconductor physics.5  
Its earliest conception was the discovery of the Becquerel effect in 1839 but significant 
progress in understanding the effect did not occur until the 1950’s.6  The past 60 years have 
led to substantial progress in understanding the basic science that might one day make it 
possible to produce machine-consumable fuels from light, water, and carbon dioxide.   
The idea of creating an economy based on solar fuels has been considered for decades 
and has garnered increased attention in recent years due to concerns with anthropogenic 
climate change.3,7,8  Solar fuels compare favorably to other low-carbon power generation 
options and could certainly have a place in a future energy infrastructure based on renewable 
energy technologies.  Current questions in the field are focused on what flavor of solar fuel 
technology should be used for such an economy.  Many different materials and architectures 
with various fuel products have been examined for applicability to solar fuel production.9,10  
Some studies have investigated dispersed nanoparticle photocatalysts while others prefer 
planar electrodes or nanostructured surfaces.  Organic and inorganic catalysts have been 
considered as have various geometries for absorbing light and harvesting the fuel product.  
This study investigates a simple setup for producing hydrogen with a focus on the effects of 
changes in photoelectrode preparation on the photocatalytic performance of a PEC utilizing 
strontium titanate photoelectrodes that are bare or sensitized with a light-absorbing molecule.   
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1.1. PEC and Dye-Sensitized PEC Devices 
Hydrogen is the simplest PEC product in that it should require the fewest reactions to 
produce.  In this work the PEC will include an illuminated semiconductor anode electrically 
connected to a dark platinum cathode both immersed in a conductive electrolyte.  This type 
of setup can result in water-splitting through separate oxidation (Reaction 1) and reduction 
reactions (Reaction 2) on the electrodes.   
2H2O → O2  +  4H
+ + 4e−  (Reaction 1) 
4H+  +  4e−  →  2H2   (Reaction 2) 
Reaction 1 is the oxygen evolution reaction (OER).  It occurs at the semiconductor 
photoanode for this setup.  Reaction 2 is the hydrogen evolution reaction (HER).  It occurs at 
the dark platinum cathode in this setup.     
The first PEC was constructed by Fujishima and Honda.11  Their PEC consisted of a 
TiO2 working electrode and a platinum counter electrode.  Under illumination the TiO2 
electrode catalyzed water oxidation and the dark platinum electrode catalyzed proton 
reduction.  In the wake of this discovery a number of other semiconductors were found that 
can drive the same reaction. 
Finding a material that can be used to make an efficient PEC is difficult because of 
the several properties that these materials must have.  Ideally, they should be efficient visible 
light absorbers with bandgaps that are in the range of 1.6 eV – 3.0 eV.  If the bandgap is too 
wide the cell will be incapable of using a significant portion of the solar spectrum thereby 
severely limiting its efficiency.  The difference between band edges is only one property of 
concern, their absolute positions are also important.  For the water-splitting  reaction to be 
energetically favorable in a PEC setup the conduction band edge must be higher (more 
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negative) than the water oxidation potential and the valence band edge must be lower (more 
positive) than the water reduction potential.12  Figure 1.2, from Light, Water, Hydrogen, 
illustrates the energetics of the PEC setup being discussed.  A more in depth look at the 
driving forces behind this reaction will be given in Chapter 2.13  
Figure 1.2.  Visualization of the operation of a PEC using an n-type photoelectrode and a 
dark, metallic cathode.13    
Charge transport properties of the electrode material are also important factors in 
determining the photocatalytic behavior of PEC electrodes.  Photo-excited electrons must 
travel to a conductive back-contact while their hole pairs travel to catalyst sites on the 
material to be exchanged with the electroactive species.  Recombination of excited charges 
can be a major impediment to the operation of PECs because the OER requires the 
accumulation of four holes at the catalyst site. Optimal charge transport properties lead to 
improved charge separation that contributes to preventing the recombination of electron-hole 
pairs.13–15   
Perhaps the most evident requirement for materials being considered as candidates for 
PEC electrodes is photoelectrochemical stability.  Many materials can achieve a photon-
induced water splitting reaction but the materials corrode and efficiency drops precipitously.  
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A common cause of this corrosion is that the photo-generated holes oxidize the electrode 
material instead of water molecules.15  To make PECs feasible as a significant contributor to 
the synthesis of solar fuels the materials need to be able to sustain the reaction without 
maintenance or replacement for extended periods of time. 
These three qualities – band edge position, charge transport properties, and 
photoelectrochemical stability – are requisite for any PEC electrode material to function 
successfully.  Unfortunately finding a material that possess these three qualities is not a 
straightforward task.  For example, materials with small band gaps that absorb visible light 
tend to be less stable in a photoelectrochemical cell.  Wider band gap materials tend to be 
more stable but fail to absorb the majority of visible light wavelengths.13  Metal-oxide 
semiconductors have shown as much promise as any class of materials and significantly 
more potential than most.  They are also relatively cheap to produce and modify.  This added 
flexibility is an enormous benefit to researchers searching for the optimal material for this 
application. 
Several metal-oxides have been heavily researched for photoelectrochemical 
applications.   Pure, single-crystal electrodes made of these materials showed favorable 
stability and charge transport attributes for PECs as early as the 1970s but they had large 
band gaps (>3.0 eV).  Modifications to the composition and structure of both the bulk and 
surface of these electrodes can lead to improvements in one or more of these qualities and 
thereby increase photoelectrolytic efficiency.  These variations combined with modern thin 
film processing techniques, thin films being significantly more versatile than their single-
crystal counterparts, make up the lion’s share of current research into these materials.   
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A common strategy for improving the performance of metal-oxide electrodes is 
doping the crystal structure.  Dopants create trap states that can impact charge transport in the 
material and at the interface.  Sufficient doping can lead to the effective shift of a band-edge 
thereby effecting photon absorption as well.  All of these effects are functions of the type and 
concentration of the dopant and can have a net positive or negative effect on 
photoelectrolytic performance.  Nevertheless, this technique is studied extensively because of 
the myriad possibilities for effecting the material.     
An alternative strategy is to select a wide band gap metal oxide that is 
photoelectolytically stable and has ideal charge transport properties and then use a molecule 
to do the work of photon absorption and catalysis of water splitting.  A light absorbing 
molecule, or chromophore, adsorbed on the surface of the electrode can be synthesized to 
absorb a larger range of photon energies than the material and to pass excited electrons to the 
underlying electrode.  In this case oxidative equivalents must accumulate in the molecule to 
catalyze the water-splitting reaction.2,14,16,17  This concept is particularly attractive in that the 
beneficial properties of the electrode are unaffected.  It does require careful selection or 
synthesis of a chromophore that can 1) efficiently absorb light and pass electrons to the 
electrode and 2) survive in the photoelectrolytic environment for extended amounts of time.   
This idea of having molecules do the work has inspired two important technologies; 
dye-sensitized solar cells (DSSCs) and dye-sensitized photoelectrosynthesis cells (DSPECs).  
The DSSC was first published in 1991 by O’Regan and Grätzel and since then it has become 
a popular architecture for examining the electrolyte-dye-semiconductor system.18  DSSCs do 
not produce a solar fuel relying instead on a redox mediator (for example I-/I3
-) to pass 
charges between the anode and cathode.  DSSCs do take advantage of a sensitizer that 
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absorbs a higher intensity wavelength in the solar spectrum than the semiconductor backbone 
on which it is adsorbed.  See Figure 3 for a diagram of a DSSC. 
Figure 1.3.  Original illustration of DSSC functionality proposed by O’Regan and Gratzel.18 
The concept of the DSPEC can trace its roots to the early 1970’s19–21.  DSPECs rely 
on the same adsorbed chromophore system but are designed to produce a solar fuel similar to 
a PEC.  A number of different architectures have been proposed for DSPECs.  The most 
basic are essentially the same as Fujishima and Honda’s cell except with a dye-sensitized 
semiconductor photoanode.  Such a cell would be useful for generating hydrogen gas from 
sunlight.  Generation of hydrocarbons requires a more complex cell that uses a p-type 
semiconductor counter electrode (sensitized or nonsensitized) in place of the platinum.  This 
setup is known as a tandem DSPEC.  A similar architecture has been proposed for 
unsensitized PECs.  In a tandem DSPEC oxygen is generated at the n-type electrode via the 
OER while the p-type electrode could be used to reduce CO2 to form methane (Reaction 3).
22 
CO2 + 8H
+ + 8e−  → CH4 + 2H2O  (Reaction 3) 
The capacity to make even short chain hydrocarbons would be a massive step towards 
building a sustainable energy economy.  Before this technology can be adequately developed 
the underlying science that governs these devices must be established.  Photoelectrochemical 
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devices are complex, involving several charge-transfer steps and intermediate states at the 
semiconductor-electrolyte interface.  Adding a chromophore to the mix further complicates 
the matter.  In this study, a simple device setup is used in an attempt to gain some 
fundamental understanding of the factors that govern PEC/DSPEC performance for a 
particular photoanode. 
1.2. Strontium Titanate 
In this work strontium titanate (STO) films are investigated as a possible 
semiconductor photoanode for PECs and DSPECs.  STO is a metal oxide with a cubic 
perovskite structure that has found use in many applications.  It has a high dielectric constant, 
can be easily doped, and has a variety of interesting bulk and interfacial effects that have 
made it a subject of investigation for fields as wide ranging as oxide electronics, DRAM,23 
oxygen sensing,24,25 and superconductivity26.  The original interest in STO as photoanode for 
PECs was driven by its high electrochemical stability, a characteristic shared by the two 
other materials at the time that had successfully catalyzed photoelectrolysis.27–30   
The majority of relevant studies on STO have considered it as the oxygen-evolving 
photoanode for a PEC.  This work has been extended to consider STO for applications as the 
photoanode in dye-sensitized PECs or dye-sensitized solar cells.31   Counterintuitively, STO 
(generally a doped form) has also been considered for the hydrogen-evolving photocathode 
in PECs.32–35  There is even some evidence that both oxygen and hydrogen evolution can 
occur at the surface of illuminated STO under the right conditions.36  Within the constraints 
of this study it will only be considered as a photoanode for PEC and DSPEC applications. 
As-grown STO crystals are not semiconducting but it has long been established that 
annealing STO at a sufficiently high temperature in a reducing environment will reduce its 
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bandgap and make it behave like a semiconductor.37,38  Early work, and more recent studies, 
generally reduce crystalline STO by annealing in hydrogen atmospheres or vacuum at 
temperatures in excess of  600 °C.27–31,36,37,39–43  Previous work suggests that there is a 
minimum temperature of 485 °C that is required to obtain crystalline STO surfaces.44  
The physical basis for why the reduction of single-crystal STO causes it to become 
semiconducting is that this treatment results in electron donor states by creating oxygen 
vacancies in the STO crystal lattice.37,45–47  There is also evidence that supports anneals in 
reducing hydrogen atmospheres inducing interstitial hydrogen defects that produce shallow 
donor states in STO and similar materials.46,48  These states effectively shift the conduction 
band edge of STO giving it a smaller band-gap and have been associated with increased 
electrical conductivity and charge mobility.49,50  Doping with niobium can also create states 
similar to those of interstitial hydrogen.42,51  After the common reduction step single-crystal 
STO photoanodes have a bandgap in the range of 3.2-3.4 eV while Nb doping results in band 
gaps near 2.4 eV.42  Reducing and doping of STO has a significant effect on its electrical 
properties.46,52–55  Additionally higher temperature, reducing anneals have been shown to 
increase STO conductivity.56     
Other dopants have been considered as well, generally for the purpose of making 
STO light-sensitive, that result in the formation of acceptor states.33–35,57–59  STO has shown 
some photoresponse to subband gap wavelengths but that phenomena will not be studied 
here.60      
The groups that conducted the initial research found that reduced single-crystal STO 
electrodes could drive water-splitting with little or no external applied bias.27–29  This is a 
particularly desirable property for PEC photoelectrodes as it would allow them to operate 
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without requiring an external voltage source.  Early observations did show improved 
efficiency with some applied bias.  At the time the accepted reason for this characteristic was 
that STO had a higher flat-band potential than other materials that had been tested27,29,39.  
Flat-band potential is a measure of how much band bending occurs at the semiconductor-
electrolyte interface and varies according to the electrolyte pH.  Physically it is related to 
electron affinity of the electrode.29  Coupled with its electrochemical stability this 
characteristic made STO desirable for photoelectrochemical applications.  The concept of the 
flat-band potential will be expanded in Chapter 2.  Sequentially higher flat-band potentials do 
not lead to corresponding performance improvements but an optimal flat-band potential 
might efficiently drive water-splitting with no applied bias.     
An alternative to doping STO is to adsorb a chromophore onto the surface.  Some 
work on STO single-crystal electrodes has considered dye-sensitization.31,41  In the case of 
charge injection into the electrode from an excited dye STO has something of a disadvantage.  
Many chromophores have been developed for use with TiO2, the most popular 
semiconductor for dye-sensitized photoelectrochemical applications, which has a lower 
conduction band edge than STO.  Thus, many of the most common chromophores have 
excited states that are lower than the conduction band edge of STO.61  This shortcoming 
inhibits charge injection into the STO film and necessitates the development of alternative 
dyes with LUMOs that are higher than the STO conduction band edge.  Additionally there is 
good evidence that ruthenium based dyes, historically the most common class for this 
application, do not load as well onto STO substrates as they do onto TiO2 substrates.
62 
STO films hold a number of advantages over single-crystal STO electrodes.  Doping 
concentration and surface morphology are both much easier to control in films than single 
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crystals.  A film can be grown on a conductive substrate thereby eliminating the amount of 
dielectric that injected electrons have to travel through and leading to reduced loss to 
recombination.  Thin films allow the use of the so-called “z-scheme” architecture.  This 
design calls for transparent electrodes thereby enabling an n-type and p-type electrode to be 
stacked.  The two electrodes are tuned to absorb different wavelengths to absorb a larger 
percentage of the solar spectrum. 
The study of STO films for photoelectrochemical applications began some 10 years 
after the first studies on single-crystal STO films.63–69  Initially the principal interest was in 
using STO films as protective coatings for other semiconductors.70,71 A variety of techniques 
have been used for depositing these films.  Pulsed laser deposition of STO films is a 
particularly attractive technique because has simple controls for surface morphology and 
doping.72   
STO films have often been observed to have larger band gaps than single-crystal STO 
samples, in the range of 3.4 eV – 3.8 eV.73  This large discrepancy might arise from large 
numbers of oxygen defects in the thin films creating a larger interatomic spacing in the 
crystal lattice.73  Annealing temperature effects on STO films have been shown to affect 
many of the same changes to crystallinity, dielectric properties, and optical properties of STO 
films as occur for single-crystal STO.24,38,45,46,52,54,55,74–77 
While DSSCs utilizing STO films do not directly correlate to this work some of the 
results from that work can be relevant to this study.  In particular, one study by Burnside et 
al. found that a principal reason for reduced performance in STO DSSCs as compared to 
TiO2 DSSCs was diminished dye-loading on the STO film as compared to the TiO2 film for a 
common ruthenium dye.62  
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Significant work has also been done on water-splitting with a STO powder.78  In these 
systems the powder is often sensitized with a catalyst particle.  Because of the very different 
architecture of those experiments they are not reviewed here. 
A principal motivator to study STO film photoanodes came from the work done by 
Luo under the direction of the UNC Center for Solar Fuels (UNC EFRC).  Luo did a 
comparison between DSSCs using solgel STO photoanodes and solgel TiO2 photoanodes.  
For these devices, she observed slow back-electron transfer for STO, a positive indicator 
with regards to PEC performance.  She used a zinc porphyrin dye similar to that used in 
Chapter 3.  Using this system, she observed that TiO2 photoanodes with the same sensitizer 
performed much better.  She attributes this to large charge-transfer resistance between the 
STO and electrolyte and poor electron transport in the STO film.79  
1.3. Outline of Dissertation Content and Research Goals 
Literature on STO has shown large changes in material properties occur depending on 
the parameters of the post-synthesis anneal.  Many of these properties could affect the 
photoelectrochemical performance of STO photoelectrodes.  However, the impact of the 
post-synthesis anneal parameters on the photoelectrochemical performance of STO 
photoanodes in PECs and DSPECs has not been systematically studied.  Instead published 
accounts have focused on alternative doping strategies or unassociated electrode properties 
(ie. adsorbed catalyst) when investigating STO for use in PECs, DSPECs or DSSCs.  My 
work bridges the gap between studies investigating STO photoanodes and studies on how 
STO properties change with annealing parameters.  
In this study films are made via pulsed laser deposition using a stoichiometric STO 
target.  These films are characterized using a variety of techniques: Scanning Electron 
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Microscopy, UV-Vis Absorption, X-Ray Diffraction, X-Ray Photoelectron Spectroscopy, 
various electrochemical measurements, and Spectroscopic Ellipsometry.   
Electrochemical measurements are useful for examining interfaces and here they help 
determine changes in the dye-film and electrolyte-film systems.  The principal 
electrochemical techniques used for this study will be linear sweep voltammetry, 
chronoamperometry, Mott-Schottky measurements, and electrochemical impedance 
spectroscopy.  Systematically changing film-growth parameters, and comparing the 
electrochemical measurements of the resulting films, will provide insight into the properties 
of the films and the effects of those properties on the utility of the films for PEC/DSPEC 
photoanodes. 
Other variables that will be treated here include surface area and film sensitization.  
Surface area of a film is an important parameter for determining maximum dye loading 
capacity.  Both flat and porous STO films will also be investigated here.  Bare electrodes will 
be studied for applications to PEC setups.  Multiple molecules will be used to sensitize the 
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Chapter 2  
Experimental Techniques and Theory 
Techniques used to fabricate and evaluate films are described here along with a basic 
introduction to relevant electrochemistry.  The intent of this chapter is to provide a brief 
background to serve as a reference to the reader for the contents of Chapters 3 and 4 which 
will discuss the results of these various measurements.  Electrochemical measurements are 
described in detail when used in chapters 3 and 4.       
2.1. Film Fabrication and Treatment 
2.1.1.  Pulsed Laser Deposition 
The pulsed laser deposition (PLD) process uses energetic laser pulses to ablate a 
target material inside a controlled-atmosphere chamber (see Figure 2.1 for reference).  The 
laser pulse ablates material from the target surface, imparting a large amount of kinetic 
energy to ejected matter and creating a plume of the ablated material.  The ejected atoms and 
ions deposit onto a substrate held some distance away resulting in the deposition of a film of 
the target material on the substrate.  A number of parameters are controlled by the user 
including the atmospheric composition of the chamber, substrate temperature, target-
substrate distance, laser pulse frequency and energy, number of laser pulses, target and 
substrate rotation rates, and the rastering of the laser across the target.  The composition and 
structure of a film can be influenced by each of these parameters.  This process does not 
result in homogenous films or uniform film growth on high aspect-ratio substrates but careful 
control of the process can produce films with consistent properties. 
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Figure 2.1. - Schematic of pulsed laser deposition chamber. a) controlled-atmosphere 
chamber; b) target holder; c) target material; d) substrate holder; e) substrate; f) ablated 
material plume; g) rastering mirror; h) chamber window; i) laser pulse.   
The PLD process provides simple controls for film morphology and doping 
concentration.  Increases in target-to-substrate distance and chamber pressure reduce the 
kinetic energy of material impinging on the substrate.  This can result in higher surface area 
films and an overall decrease in the amount of material reaching the surface.  Rotation of the 
substrate and target along with rastering of the laser across the target help maintain uniform 
film thickness.  Failure to raster the laser can lead to grooves in the target that can affect the 
direction and shape of the plume and thus the deposition of the film.   
Doping is a relatively simple process for PLD grown films.  Ready-made doped 
targets can be purchased or the user can alternate between two distinct targets.  Careful 
control of the ratio of laser pulses between the first and second target controls the total 
amount of each material deposited on the substrate and therefore also the film stoichiometry.  
The composition of the chamber atmosphere can also produce doped films.  For example, a 
film grown from a metal-oxide target in an argon-filled or evacuated chamber will produce a 
deoxygenated film.  Sufficient oxygen in the chamber atmosphere would produce a film with 
the same stoichiometry as the metal-oxide target.    
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A number of other parameters (beam energy, pulse frequency, substrate temperature) 
can also effect the films.  In this study, most films were subjected to a post-deposition anneal 
and it was found that these parameters had little to no effect on the resulting films.  Because 
several samples were not annealed these parameters were nonetheless carefully controlled 
from one growth to the next.  
In this work films were grown with a PVD Products pulsed laser deposition system 
(NanoPLD) from a sintered STO target (PVD Products, 99.9% pure).  To reduce 
contaminants the chamber was pumped down to 10-5 Torr before backfilling with the desired 
atmosphere.  PLD growth of STO has been done in a number of previous studies.1–6  
Theoretical models for PLD growth of STO thin films have been established.6  It has been 
shown that the electrical properties of STO films can be controlled by variables like the 
deposition pressure and temperature.6  It was found that the post-deposition anneal had a 
greater effect on the electrical properties of the films. 
2.1.2. Post-Deposition Annealing 
 In this work, the majority of films were annealed after growth in the pulsed laser 
deposition chamber.  Two furnaces were used for the post-deposition anneal (PDA).  For 
annealing in atmospheric conditions an MTI Corporation KSL-1200X box furnace was used.  
For annealing in a controlled atmosphere an MTI Corporation OTF-1200X tube furnace was 
used.  This tube furnace can be evacuated with a roughing pump (~50 mTorr) and then 
backfilled with the desired gas.  Here the tube was backfilled to greater than atmospheric 
pressure and then purged for 20 minutes before heating.  Gas flow continued throughout the 
annealing process and during the cooldown.  Cooldowns were done slowly (heated tube was 
not exposed to atmosphere) to avoid cracking the films.  Oxygen and hydrogen (2.5% 
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hydrogen, bulk argon) atmospheres were used for anneals done in the tube furnace.  The 
heating rate for all anneals was maintained at 4.2 oC per minute.   
 PDAs are a common technique for improving crystallinity7–9 and electronic 
properties10–13 of STO.  Anneals can also have a large effect on the surface topography of 
single-crystal and thin film STO.8,14  The intent of using various atmospheres and 
temperatures is in response to these earlier observations with the intent of producing an 
optimal STO film for PEC and DSPEC applications.   
2.1.3. Atomic Layer Deposition 
Atomic layer deposition (ALD) is a vapor-phase deposition technique.  It holds two 
principal advantages over PLD.  Films produced by ALD are highly uniform and conformal 
to their substrate even in the case of high aspect ratio substrates. ALD is accomplished by 
sequentially exposing a surface to a precursor that has a self-limiting reaction with the 
sample surface.  The self-limiting nature of the reaction allows for the conformal growth and 
permits the stacking of single monolayers of a material.  Because ALD films are uniform and 
can be very thin they are commonly used to make thin barrier layers. 
 ALD is a tempting technique for growing STO films but has several drawbacks.  
Because ALD is extremely sensitive to growth parameters finding the exact conditions 
required for growing a particular film is a time-intensive process.  Several groups have 
succeeded in growing STO films but it is a notoriously difficult process to develop and it 
needs to be optimized for an individual instrument in order to be successful.  Groups that 
have succeeded at growing STO films via ALD have found that a post-growth anneal at high 
temperature is still required to obtain crystalline STO films.15  Given this and the difficulty of 
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doping a film with ALD (can require substantial changes to the growth process) ALD in this 
study is only used for growing Al2O3 barrier layers. 
 The thermal and chemical stability of Al2O3 makes it an ideal barrier layer.  Al2O3 
barrier layers were used in two ways; to protect substrates that underwent annealing in 
reducing atmospheres and as charge recombination barrier layers.  Use of metal oxides as 
charge recombination barrier layers is a well-known strategy for increasing the efficiency of 
dye-sensitized solar cells.16–20  Charges injected into the semiconductor by the sensitizer tend 
to have lifetimes on the order of picoseconds to nanoseconds.  The object of a charge 
recombination barrier is to increase that time to for increased charge separation.      
2.1.4. Dye Loading Films 
 Films were sensitized with several different molecules for DSPECs.  Dye-loading was 
accomplished through submerging films in a solution with the dissolved dye.  In some cases 
two distinct molecules were adsorbed onto the film surface.  This can be done sequentially or 
simultaneously depending on the molecules and their solvents.  The principle difficulty with 
dye loading was preventing the aggregation of multiple dye layers on the film.  Ideally a 
single layer of dye will cover the surface.  Aggregated dye does not effectively transfer 
electrons to the semiconductor but can reduce the number of molecules that both absorb light 
and are in good electrical contact with the film.  Chenodoxycholic acid was used when 
needed to inhibit aggregation of dye on the film surface.21   
The amount of dye on the film surface was calculated using UV-Vis measurements 
(see Section 2.2.4.).  Measurements of the loading solution absorption or film absorption 
before and after loading can give an indication of the amount of dye on the surface.  Solution 
absorption is preferable because the molar absorption coefficient varies with environment.   
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One dye used for this work was zinc(II) 5,10,15-tris(mesityl)-
20[(dihydroxyphosphoryl) phenyl] porphyrin (MPZnP, see Figure 2.2.a.)  Porphyrins have 
been shown to inject efficiently into other oxide materials used for photoanodes22 and this 
particular dye was used because it was designed by an UNC EFRC chemist to be capable of 
injecting charge into high conduction band edges making it ideal for use with STO films.23,24 
Bare STO films were soaked in a 1:1 solution of 0.25 mM MPZnP dissolved in 
dichloromethane (DCM, Sigma-Aldrich) and 10 mM chenodeoxycholic acid dissolved in 
methanol (Sigma-Aldrich). The chenodeoxycholic acid was employed to prevent excessive 
aggregation of dye molecules on the surface.21  
 Select STO films were loaded with MPZnP and a phosphonated water oxidation 
catalyst, [(4’-(4-dihydroxyphosphorylphenyl)-2,2’:6’,2”-terpyridine)(1-methyl-3-(2-
pyridyl)benzimidazolo) (aqua)Ru(II)] dichloride [Ru(II)(H2O3P-Ph-tpy)(Mebim-py)(OH2)]
2+ 
(see Figure 2.2.b.).25  A solution consisting of a 4:1 ratio of MPZnP and catalyst (0.2 
mM:0.05 mM) was used to load these samples.   When both the MPZnP and the water 
oxidation catalyst were loaded on films the photocurrent measurements were performed in an 
aqueous solution containing 0.2 M LiClO4 and 20 mM hydroquinone (Sigma-Aldrich).  
Hydrochloric acid (Fisher-Scientific) was used to adjust the pH of the solution to 2.8 to 
prevent the catalyst from absorbing into solution. 
 Another chromophore used for this work was [Ru(bpy)2(4,4’-(PO3H2)2bpy)]
2+  (RuP, 
see Figure 2.2.c).  RuP was used for sensitizing films in place of MPZnP.  A major drawback 
of this film was that it required a low pH or it would desorb from the surface.   
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Figure 2.2.  Structures of a) MPZnP, b) catalyst, and c) RuP. 
2.2. Film Characterization 
2.2.1. Scanning Electron Microscopy 
 A Hitachi S-4700 Cold Cathode Field Emission Scanning Electron Microscope 
(SEM) was used to take images of films.  SEM images were principally used for measuring 
film thickness to determine PLD growth rate and for examining film coverage of the 
substrate.  For extremely resistive films a thin layer of gold was deposited on the sample to 
improve image quality.  Conductive layers improve the secondary electron signal from the 
sample along with reducing charging.  Increased secondary electron signal allows for 
improved topographical imaging of the sample and more accurate measurements.   
2.2.2. X-Ray Diffraction 
 X-ray diffraction (XRD) is used to probe the crystal structure of a material and can 
identify its bulk composition.  It relies on the diffraction of x-rays from the periodic crystal 
planes in the material.  By measuring the diffraction signal at multiple angles the spacing 
between these planes can be determined and crystal structure calculated.  The intensity and 
angular position of peaks in the diffraction signal of a material can identify its composition 
through comparison with databases of XRD spectra.  In this study two XRDs were used.  A 
Rigaku Multiflex (Source 1.5418 Å) instrument and a Rigaku SmartLab X-Ray 
a) b) c) 
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Diffractometer.  XRD data was examined using the QualX2 software from the Institute of 
Crystallography using the Crystallography Open Database. 
2.2.3. X-Ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS) is often used to determine the composition 
of material surfaces or thin films.  It uses x-rays to excite electrons out of the target and then 
analyzes the energy of the ejected electrons.  For this work XPS was done with a Kratos Axis 
Ultra DLD X-ray Photoelectron Spectrometer through the Chapel Hill Analytical and 
Nanofabrication Laboratory.  It was used to determine STO composition on the film surface. 
The Sr:Ti ratio was determined by fitting high resolution scans of the Sr 3d and Ti 2p peaks 
with a Shirley background and integrating.  A Shirley background scales background signal 
in proportion with the total number of photoelectrons below a given binding energy.  The 
major advantage of this type of background is the availability of accepted sensitivity factors 
for this technique that are associated with the atomic fractions of elements in compounds.  
Calculated peak areas were combined with sensitivity factors from the Kratos Vision 
software to calculate atomic ratios. 
 Understanding the film surface is important because it affects adsorption of molecules 
onto the film for dye-sensitized applications.  The stoichiometry of the film surface controls 
what binding sites are available to the sensitizer thus controlling how much dye can be 
adsorbed and what types of bonds can be made on the surface.  For nonsensitized 
applications the surface is the site of charge exchange with the electrolyte.  The exchange of 
charge at the semiconductor-electrolyte interface is a strong factor in charge injection into the 
film and charge recombination out of the film into the electrolyte.  Optimizing these two 
rates is an essential element for building an efficient PEC. 
29 
2.2.4. Ultraviolet-Visible Absorption 
 UV-visible absorption (UV-Vis) measures film absorption across a range of 
wavelengths.  The results are generally plotted as absorbance.  Less sophisticated setups for 
this experimental technique suffer greatly from an assumption that all light is absorbed or 
transmitted.  An integrating sphere can be incorporated into the setup to account for reflected 
and scattered light.  We utilized integrating sphere setups for measurements that were 
dramatically affected by reflection/scattering of light from the sample. 
 In this work absorption measurements will be used to examine bare films and films 
loaded with a light-absorbing molecule.  Both a Cary 50 Bio UV-Visible Spectrophotometer, 
a Cary 5000 UV-Visible-NIR Spectrophotometer, and a custom setup incorporating a light 
source (Spectral Products, ASBN-W series) integrating sphere (Labsphere), and 
monochromater (SpetraPro) were used for these measurements.  The Cary 50 instrument 
does not account for scattered or reflected light and was used for rough measurements to 
determine dye-loading rate. The Cary 5000 and integrating sphere setups were used for more 
precise measurements of absorption for both sensitized and nonsensitized samples. 
Estimates of the total loading of the chromophore on the film can be made using the 
Beer-Lambert Law (Equation 1).  Where A is absorbance, Io is intensity of the incoming 
light, I is intensity of light after interacting with the film, ϵ is molar absorptivity (L mol-1 cm-
1), ℓ is the path length of the sample, and c is the concentration of a compound in solution.   
A = log10 (
I0
I
) =  ϵℓc    Equation 1 
When using the Beer-Lambert law for molecules it is important to know the size of 
the chromophore.  Chromophore size determines path length.  Knowing the molecule size 
can be insufficient to determine path length if there is more than a monolayer of the dye on 
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the surface.  In the case of dye aggregation, it can be desorbed from the surface and the 
concentration of the resulting solution can be used to estimate dye-loading.  It is important to 
note that the molar absorptivity of chromophores can vary significantly between 
environments.  This can be accounted for by using a solution of known concentration to 
calculate ϵ when in the solvent.  
Absorption of dye on films was monitored to establish the adsorption isotherm.  
Different dyes required different loading times.  MPZnP required 22 hours before it reached 
a plateau while RuP only took 15 minutes to load.  Additional comments on these and the 
catalyst loading will be made in Chapter 3. 
2.2.5. Transient Absorption Spectroscopy 
 Transient absorption spectroscopy is a pump-probe technique.  It uses two sources of 
light, the primary (probe) light source illuminates the sample and is monitored for changes in 
intensity indicating changes in sample absorption.  The secondary (pump) lightsource is used 
to excite electrons into higher energy states (see Figure 2.3).  Changes in absorption are 
indications of what states the excited electrons are occupying.  Monitoring the change in 
absorption after excitement with a laser pulse can produce a picture of how electrons are 
transferred across the semiconductor-electrolyte interface by showing which states the 
electron occupies in the system after excitation and on what timescale the charge recombines.  
The minimum time scale is determined by instrument resolution.  In this work using both 
short and long time-scale setups proved to be instructive.    
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Figure 2.3. Illustration of transient absorption setup.  a) pump lightsource, b) probe 
lightsource, c) detector (photo-multiplier tube), d) sample. 
Transient absorption experiments on the nanosecond timescale were performed as 
described by Nayak et al.26  Slides were immersed in pH 5.8 acetate buffer with 0.2 M 
LiClO4 and then purged with argon for 40 minutes.  Samples were excited at 555 nm, with a 
laser pulse energy of 4 mJ/pulse.  Transient absorption spectra from 350 nm to 550 nm were 
generated from kinetic traces measured with a PMT, due to the low sensitivity of the camera 
in this region.  Kinetics were taken every 5–10 ns, and were the result of averaging 40 laser 
shots. 
Ultrafast transient absorption experiments were performed with a femtosecond 1kHz 
regeneratively amplified Ti:sapphire laser system (Clark-MXR 2210).  The samples were 
excited with a 550 nm beam that was generated by diverting a portion of the 775 nm laser 
fundamental to a Topas-C optical parametric amplifier followed by frequency doubling with 
a BBO crystal.  Another portion of the beam was directed to a CaF2 window to generate the 
white-light probe.  Residual fundamental was removed from the probe with a lowpass filter.  
Experiments were performed with a magic angle geometry of the pump and probe 
polarizations.  The dye-loaded electrodes were placed in pH 5.8 acetate buffer in a sealed 
cuvette and purged with Ar for 45 minutes.  The cuvette was mechanically translated in the 
focal plane of the pump and probe beams for the duration of the experiment.  Data was 
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collected and analyzed using custom LabView software.  Optical chirp was corrected by 
measuring the frequency resolved optical gating of a glass slide.  The laser pump power at 
the sample was less than or equal to 0.6 mJ/cm2. 
2.2.6. Spectroscopic Ellipsometry 
 Spectroscopic ellipsometry monitors changes in light polarization after reflection or 
transmission from a sample.  It is often used for thin film analysis because of its sensitivity 
which is even smaller than the wavelength of incident light.  Ellipsometry can determine film 
thicknesses less than one nanometer and can also measure optical constants and material 
properties of the film.  To accomplish these characterizations the observed changes in 
incident light polarization are fit to established models to determine the properties of the 
film. 
Ellipsometry was done with a J.A. Woollam V-Vase spectroscopic ellipsometer using 
a HS-190 monochromator light-source.  Both ellipsometric and reflection data were taken 
using this setup to determine optical constants (index of refraction and dielectric constant).  
In order to calculate indexes of refraction and extinction coefficients for these films 
ellipsometric and reflection data were fit using a multi-oscillator model (J.A. Woollam, W-
Vase software).  Films were illuminated from 300 nm – 1000 nm and examined at 65°, 70°, 
and 75° for ellipsometric measurements.  Reflection measurements were taken at 20°, 30°, 
and 40°.  Taking data across a range of wavelengths and angles improves the calculation of 
physical parameters based on the model. 
2.3. Basic Theory of Electrochemistry and Electrochemical Techniques 
 Because many of the investigative tools in this study were electrochemical in nature 
an introduction to the subject is given here.  Few references are provided as the information 
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is almost all widely known and published.  The reader will find a sufficient overview of the 
topic in Wang’s Analytical Electrochemistry,27 Bard and Faulkner’s Electrochemical 
Methods: Fundamentals and Applications,28 and Grimes, Varghese and Ranjan’s Light, 
Water, Hydrogen.29  Citations are used for information that is not included or alluded to in 
these texts or to refer the reader to further reading for particularly relevant topics.  
2.3.1. Basic Electrochemistry: Redox Reactions and Electrochemical Cells 
 Electrochemistry is the study of processes that involve electrical and chemical effects.  
It is a particularly effective tool for examining the interface between electronic (electrodes) 
and ionic conductors (electrolytes).  These reactions involve the transfer of charges between 
the electrode and electrolyte and are thus generically termed reduction-oxidation (redox) 
reactions.  If electrons are being transferred from the electrolyte to the electrode then the 
electrolyte is being oxidized and the electrode is being reduced.   
Processes that only transfer charge across an interface are also generically referred to 
as “faradaic processes.”  This is in reference to Faraday’s law of electrolysis that relates the 
amount of charge passed through the system to the amount of product/reactant created/used.    
Equivalent forms of Faraday’s law are shown in Equation 2.  
𝑄𝑡𝑜𝑡 = 𝑛𝐹𝑁 or 𝐼 = 𝑛𝐹
𝑑𝑁
𝑑𝑡
  Equation 2 
Where Qtot is the total charge passed through the interface, n is the stoichiometric number of 
electrons exchanged in the reaction, F is Faraday’s constant, N is the number of moles of the 
reaction product, and I is the measured current in the system.  Nonfaradaic processes can also 
occur, for example in the form of adsorption or desorption from the electrode surface.  These 
processes can be minimized but will contribute to a small background current.  Notably some 
processes, for instance electroplating, are intentionally nonfaradaic.    
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In order to maintain an electrochemical reaction at least two electrodes are required, 
one that is being oxidized and another that is being reduced to maintain the electroneutrality 
of the electrolyte.  When two or more electrodes are immersed in electrolyte the system is 
called an electrochemical cell. 
 An electrochemical cell functions similar to an electrical circuit.  A potential 
difference between the two electrodes will drive redox reactions that sustain a current.  In the 
simplest of terms, the electrolyte functions as a conducting wire and the electrodes and 
electrode-electrolyte interfaces are various elements of an electrical circuit.  By 
applying/monitoring the potential across an electrochemical cell and measuring the induced 
current conclusions can be drawn about the properties of the electrochemical cell, its 
components, and the reactions that are transferring the electric charge.     
 One of the earliest electrochemical reactions to be studied was the electrolysis of 
water.  When an electrochemical cell is used to perform water electrolysis the total reaction 
in the cell is  
2 H2O  ⟶  O2+ 2 H2 
Often questions involve the reaction happening at a particular electrode and it is helpful to 
write down the “half-reaction” that occurs at the two interfaces.  In the case of water 
electrolysis the half-reaction at the anode is  
2 H2O  →  O2 + 4 H
+ + 4 e-  
and the half-reaction at the cathode would then be  
2 H+ + 2 e-  →  H2 
Notice that these are the same as Reactions 1 and 2 in Chapter 1. 
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2.3.2. Basic Electrochemistry: Electrodes 
The electrodes in a cell are given names based on their functionality.  In a simple 
two-electrode cell the electrodes are referred to as the working electrode and the counter 
electrode.  Working electrodes are the electrodes where the half-reaction of interest occurs.  
Counter electrodes are the sites where the counter half-reaction occurs.   
Early working and counter electrodes were made of metals.  Metals were ideal 
because they were considered to be sources or sinks of electrons for the reactions occurring 
in the system.  Charge accumulated on the surface of the electrode where it was transferred 
via redox reactions.  Because the electrode-electrolyte interface must be neutral a charge 
layer of opposite sign is formed in the electrolyte near the electrode.  Charges on the surface 
of the metal were separated from a layer of charge in the electrolyte by a solvation shell.  
This is generally referred to as an electrical double layer.  The formation of the electrical 
double layer, or Helmholtz layer, allows metal-electrolyte interfaces to be modeled as 
capacitors.  
 The assembly of charges in the double-layer is often broken down into a set of 
regions based on distance from the electrode surface (see Figure 2.4).  Ions of opposite sign 
to the surface charge are strongly attracted to the surface.  These include solvent molecules 
and specifically adsorbed ions.  An imaginary line drawn through these ions is called the 
inner-Helmholtz plane (IHP).  Solvated ions are attracted to the electrode surface by 
Coulomb forces but have no chemical interaction with the surface and are thus non-
specifically adsorbed.  The closest approach of these ions is farther from the interface than 
the IHP and a line through their locus is called the outer-Helmholtz plane (OHP).  Beyond 
the outer layer solvated ions are distributed through the space that bridges the Helmholtz 
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layer with the bulk solution.  Generally, the capacitance arising from the formation of the 
double-layer is referred to as the Helmholtz capacitance.  This capacitance in conjunction 
with the resistance of the electrolyte effectively forms a simple series RC circuit that can be 
used to model the influence of this effect on the system.   
Figure 2.4. Model of the Electrical Double-Layer. 
 The formation of the electrical double layer is a nonfaradic process and results in a 
signal referred to as “charging current.”  This is a measurable current that occurs whenever 
there is a change in the potential applied to the electrode with a resultant change in 
capacitance.  Based on common values of CH (Helmholtz capacitance) and Rs (solution 
resistance) the time constant for charging the electrical double-layer is often on the order of 
10’s of microseconds.  This effect plays into a number of considerations for electrochemical 
measurements.  
Because this setup can be modeled by an RC circuit the charging current decays 
exponentially with time.  Thus, the simplest method for avoiding the effects of the charging 
current is to adjust the potential and wait for the system to come to equilibrium in order to 
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obtain an accurate current measurement.  Notably most electrochemical systems are more 
complex than a simple RC circuit and the electrical double-layer is not an ideal capacitor.   
Some investigators prefer the three-electrode electrochemical cell over the two-
electrode electrochemical cell.  They include a reference electrode in addition to the working 
and counter.  Reference electrodes are designed to maintain a constant potential in the 
environment of the electrochemical cell.  This is accomplished by constructing them from 
materials that are difficult to polarize and making them highly resistive to prevent current 
from flowing through them.  This quality makes them extremely valuable for measuring and 
applying accurate potentials to the system. 
The normal hydrogen electrode (NHE) is generally used as the standard against which 
other electrodes are compared.  The NHE has a potential of 0.0 V for standard temperature, 
pressure, and activity of the redox participants in the half-reaction 𝐻+ + 2𝑒− → 𝐻2.  
Standard activity in this case means the electrolyte must be pH 0.    
The NHE standard is difficult to work with thus several other reference electrodes are 
used for electrochemical measurements.  The most common are the saturated calomel 
electrode (SCE) and the silver-silver chloride electrode (Ag/AgCl).  These two electrodes are 
favored by experimentalists because of their durability, stability in a variety of environments, 
and ease of use.  It is not uncommon for potentials measured with respect to SCE or Ag/AgCl 
reference electrodes to be converted to be in terms of the NHE.  By comparison the potential 
measured with reference to an SCE is 0.242 V vs. NHE and the Ag/AgCl measures 0.197 vs. 
NHE. 
By controlling the potential applied across the working and reference electrodes the 
motion of electrons at the electrode-electrolyte interface is controlled.  Sufficiently negative 
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potentials applied to the working electrode will drive a reductive current (electrons flow from 
the electrode into the electrolyte).  If a sufficiently positive potential is applied to the working 
electrode it will drive an oxidative current (electrons flow from electrolyte to electrode). 
An important experimental consideration when using a three-electrode setup is the 
magnitude of any voltage drop due to the resistance of the electrolyte, this is referred to as 
uncompensated resistance.  Because this voltage drop is proportional to the resistance 
between the working and reference electrode the effect can be minimized.  Reducing the 
distance between the two electrodes or increasing the amount of supporting electrolyte (i.e. 
an electrolyte that is not the electroactive species) to reduce resistivity will prevent the 
voltage drop from effecting measurements.  Additionally, for most experiments it is a simple 
matter to measure the uncompensated resistance and mathematically account for it in any 
measurements. 
2.3.3. Basic Electrochemistry: Semiconductor Electrodes 
Semiconductors have become popular choices for working electrodes.  
Semiconductor-electrolyte interfaces act similar to a p-n junction in that they can form a 
space-charge layer near the surface of the semiconductor.  The formation of the space-charge 
layer is similar to the formation of the double charge layer at metal-semiconductor interfaces.  
The resulting electric field from the space-charge layer is what allows for the separation of 
charge in the semiconductor thus producing a voltage across the system.  The incorporation 
of semiconductor electrodes into electrochemical cells has opened up the field of 
photoelectrochemistry wherein current is driven by the illumination of the semiconductor 
electrode.30,31   
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When semiconductors are brought in contact with solutions the Fermi energies of the 
semiconductor and solution become equal, assuming electrostatic equilibrium.  This 
equilibration is achieved by the passing of charges between the semiconductor and 
electrolyte.  These charges distribute through an area of the semiconductor called the space-
charge region that is similar to the double-layer that forms in the solution.  The resultant 
electric field bends the surface band energies of the semiconductor to adjust the 
semiconductor Fermi energy to that of the solution Fermi energy.  This effect is known as 
band bending.  See Figure 2.5 for an illustration of energy levels at the interface and band 
bending. 
Figure 2.5. Depiction of band bending of conduction-band and valence-band edges when a 
semiconductor is brought in contact with an electrolyte.29 
 Bands might bend up or down and can result in an accumulation or depletion layer of 
charges near the surface.  The charge distribution and resultant band bending are dependent 
on doping and applied potential.  Samples in this study were n-type and hence n-type 
semiconductors will be the emphasis of this treatment.  Effects of the applied potential 
depend on the specific semiconductor being used.  Of particular note, is the “potential of 
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zero-charge” or “flat-band potential,” these terms are used to describe the applied potential 
that results in a neutral electrode with no band bending at the surface.  Flat-band potentials 
are determined by the properties of the semiconductor and the electrolyte in which the 
semiconductor is submerged.  The effects of applied potentials depend greatly on the 
difference between the applied potential and the flat-band potential.  
 Applied potentials that are more positive or negative than the flat-band potential 
result in charge accumulation at either the semiconductor-electrolyte interface or in the bulk 
semiconductor.  If the applied potential is more negative than the flat-band potential then an 
accumulation layer of charges forms and can cause the semiconductor electrode to take on 
characteristics of a metallic electrode.  An applied potential that is more positive than the 
flat-band potential will result in a depletion layer forming in the semiconductor electrode.  
See Figure 2.6. for a visual explanation of these three potential states.   
Figure 2.6. Depiction of band bending and formation of a) depletion layer and b) 
accumulation layer for an n-type electrode.  c) depiction of applying the potential of zero 
charge.29 
 Flat-Band potentials can be determined through several methodologies, one of the 
more popular techniques uses the Mott-Schottky equation (Equation 13).  Mott-Schottky 
41 
analysis can also lead to a determination of the density of majority charge-carrier (ND).  






(𝑉𝑓𝑏 − 𝑉𝑎𝑝𝑝𝑙 −
𝑘𝑇
𝑞𝑒
)  Equation 13 
 For semiconductor electrodes the sign of the difference between the applied bias and 
the equilibrium potential can control the direction of current flow if the difference is large 
enough.  As illustrated in Figure 2.7. a positive difference will drive electron-transfer into the 
conduction band while a sufficiently large negative potential difference can drive electron 
transfer from the electrode into the electrolyte.   
Figure 2.7.  Illustration of the effects of positive (a) and negative bias (b).  c) Depiction of 
surface-state mediated charge transfer.29    
2.3.4. Basic Electrochemistry: Photoelectrolysis 
 Illumination of a semiconductor electrode with light that has energy greater than the 
band gap has the effect of creating electron-hole pairs near the surface.  In an n-type 
electrode the field in the space charge layer pushes holes to the semiconductor-electrolyte 
interface where they can cause oxidation reactions while electrons are pushed to an external 
circuit.  This type of reaction is called a photoassisted reaction and results in a photoanodic 
current.  Illuminated semiconductor electrode behavior is not entirely unique from their 
behavior in the dark.  If the applied potential is more positive than the flat-band potential the 
c) b) a) 
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photoanodic current will persist due to the electric field in the space charge layer.  Applied 
potentials that are more negative than the flat-band potential will create an accumulation 
layer that causes the semiconductor electrode to behave like a metal electrode.  Undesired 
surface reactions and charge recombination across the space-charge layer can influence the 
action on the surface but these rules are generally true.  Thus, overpotentials have largely the 
same effect on illuminated semiconductor electrodes as they do on dark semiconductor 
electrodes. 
 Light absorption leads to a shift in the semiconductor’s Fermi energies to a non-
equilibrium condition with a quasi-Fermi energy levels.  The quasi-Fermi energy of the 
majority and minority charge carriers (electrons and holes respectively for n-type electrodes) 
is determined by the concentration of electrons in the conduction band and holes in the 
valence band.  Some holes will be transferred to the electroactive species thereby leading to a 
small charging effect in the semiconductor that decreases band-bending at the electrode 
surface.  This state of decreased band bending at the surface allows the generation of 
photocurrent and photovoltage.  See Figure 2.8. for an illustration of this effect. 
Figure 2.8. Energy bands at the semiconductor-electrolyte interface a) in the dark and b) 
under illumination with photogenerated voltage and current.29    
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The photoassisted reaction of interest for this study is water photolysis using a 
semiconductor photoanode and a metallic counter electrode.  In order for water splitting to 
occur in this type of cell the valence band and conduction bands must straddle the redox 
couple of water.  Band bending in the semiconductor electrode will match its Fermi level to 
that of the cathode.  If the H+/H2 level is above the resulting Fermi level an external potential 
must be applied to the system to drive the water-splitting reaction.  If the flat-band potential 
of the semiconductor is higher than H+/H2 than an external bias will not be necessary to run 
the reaction once the semiconductor electrode is illuminated.  Figure 2.9 illustrates the 
difference between a setup that requires an external bias and one that does not.  For reference 
the oxidation potential of water (H2O/O2) is calculated as 1.23 V at pH 0 and the reduction 
potential of hydrogen (H+/H2) is 0.0 V at pH 0.  Both change at a rate of -59 mV/pH for 
increasing pH. 
Reactions such as water-splitting require the accumulation of multiple charges at 
semiconductor electrolyte interface.  These are known as oxidative equivalents.  In the case 
of water-splitting four electrons must accumulate at the surface catalyze the reaction.  This 
requirement has several implications.  First, a perfectly efficient system will have a ratio of 
four incident photons to one produced oxygen molecule.  Second, rapid charge 
recombination will greatly inhibit the water-splitting reaction by denying the accumulation of 
the minimum number of oxidative equivalents.   
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Figure 2.9.  Energy diagrams of full photoelectrochemical cell depicting a) No contact 
between electrodes b) contact between electrodes in the dark c) effect of light and d) effect of 
anodic bias.  e) Illuminated cell that does not require an external applied potential.29  
2.3.5. Basic Electrochemistry: Sensitized Electrodes 
 Photoassisted reactions driven by sunlight are a major motivation for investigating 
photoelectrochemical cells.  Many semiconductors that are stable in electrochemical 
processes have the unfortunate characteristic of having large band gaps and are thus unable to 
use the majority of incident sunlight.  Possible solutions to this issue include doping to 
(e) 
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reduce the band gap and adsorbing a sensitizer on the electrode that can absorb a larger 
spectrum of sunlight. 
 The intent of a sensitizer is to absorb low energy wavelengths and then pass the 
excited electron into the semiconductor conduction band.  After oxidation the dye can then 
accept an electron from the electroactive species in solution thereby oxidizing that species.  
The net result is thus the same as the nonsensitized electrode but was accomplished with a 
lower energy excitation.  Impediments include recombination of charges before sufficient 
oxidative equivalents can accumulate to oxidize the electroactive species, stability of the 
sensitizer, and synthesizing dyes with the correct energy levels to absorb light and pass the 
electron to the semiconductor electrode.  Figure 2.10. depicts the energetics of a dye-
sensitized electrode. 
Figure 2.10.  Depiction of energetics for a dye-sensitized photoelectrode.  a) Incident light 
excites a charge couple in the chromophore, b) electron is injected into electrode, c) 
electroactive species is oxidized by the hole, d) electron is forced away from the interface 
toward the substrate.  
2.3.6.  Electrochemical Techniques: Equipment and Setup  
Electrochemical measurements rely heavily on potentiostat/galvanostat devices.  
Potentiostats are used for controlling applied potential across an electrochemical cell and 
monitoring the resulting current.  Galvanostats are used to force a set current through a 







potentiostats have the capacity to account for uncompensated resistance that arises from the 
separation between the working and reference electrodes.  This advantage allows for greater 
flexibility in the setup of an electrochemical cell though it is still common practice to keep 
the working and reference electrodes near each other.  Potentiostats used for these 
experiments include a Gamry 600 Reference potentiostat/galvanostat/ZRA, and a CH 
Instruments Model 760E potentiostat and bipotentiostat.  The bipotentiostat was used for 
rotating ring-disk electrode (RRDE) measurements that used both the disk and ring electrode. 
All experiments in this work are three-electrode experiments utilizing an Ag/AgCl 
reference electrode and a platinum counter electrode.  A platinum wire and a platinum mesh 
were used for these experiments though no difference in performance was observed when 
comparing measurements using the wire vs. measurements using the mesh. 
The two types of electrochemical cells used were single-compartment and dual-
compartment cells.  Dual-compartment cells used a filter to prevent the exchange of large 
molecules between the two compartments (see Figure 2.11).  Single-compartment cells were 
used for Mott-Schottky and RRDE measurements.   RRDE measurements utilized a double-
junction reference electrode and a counter-electrode container with a filter on the end.  
Double-junction reference electrodes are used to for Ag/AgCl electrodes to prevent Cl 
contamination of the electrolyte.  Mott-Schottky measurements were done in a 20 mL 
scintillation vial with cap customized to hold electrodes and be sealed with hot glue during 
measurements. 
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Figure 2.11.  Illustration of a sample dual-compartment photoelectrolytic cell.29 
An essential component of any electrochemical cell is the electrolyte.  This medium is 
generally pH controlled.  It might be as simple as buffered, deionized water but nonaqueous 
solutions are also popular.  Additives might include an electroactive species (if it is not 
present) or a supporting electrolyte.  A supporting electrolyte is used to decrease the 
resistivity of the solution without reacting with the electrodes. It is particularly important for 
experiments that require a controlled potential.  Inorganic salts are some of the most common 
supporting electrolytes.  In this work lithium perchlorate (LiClO4) is used as a supporting 
electrolyte for both aqueous and nonaqueous solvents.   
In many cases electrolytes are required to be a particular pH.  Constant pH has the 
dual advantages of controlling a potentially significant variable and inhibiting any potential 
difference that could arise between the electrodes due to a pH differential.  Many varieties of 
buffer solutions are used to control pH in electrochemical applications.  This work uses an 
acetate buffer composed of acetic acid and sodium acetate.  Electrolyte was made in batches 
of 100 mL by combining 95 mL of 0.1 M solution Sodium acetate with 5 mL of acetic acid.  
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Lithium perchlorate (2.13 grams) was than dissolved in the solution.  pH was measured using 
an Extech Oyster-10 series pH meter. 
Some electrolytes include additional additives that can inhibit undesirable reactions.  
For example, sacrificial agents that can quickly oxidize an adsorbed dye.  By rapidly 
oxidizing the dye these agents eliminate back-electron transfer from the semiconductor 
electrode to the dye.  In these experiments two sacrificial agents are used; hydroquinone and 
ethylenediaminetetraacetic acid.  All experiments were run after 20-30 minutes of purging 
with an inert gas such as argon.  This standard procedure is done to prevent any effects from 
dissolved oxygen interacting with the electrode.   
Details of electrochemical measurements beyond these basics will be given in 
association with the techniques in Chapters 3 and 4.   
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Dye-Sensitized STO Electrodes 
Dye-sensitized electrodes hold a number of advantages over bare electrodes but also 
are prey to a number of additional problems.  They can potentially absorb a larger spectrum 
of light and be optimized for catalyzing specific reactions.  Both of these benefits are realized 
by adsorbing the correct molecules on the surface.  Several different molecules that absorb a 
large range of wavelengths could potentially be used to absorb wavelengths across the entire 
solar spectrum. 
Dependence on these molecules does increase the complexity of the system.  The 
molecules need to be stable on the electrode surface to maintain performance for extended 
periods of time.  Excited states of these molecules must be in the correct position relative to 
the injection energy levels of the electrode material for efficient dye injection.  Factors such 
as the amount of dye on the surface must be measured and optimized to maximize efficiency.  
If two molecules are adsorbed on the surface, one chromophore and one catalyst, the ratio of 
these molecules must be controlled and optimized. Despite these complications dye-
sensitization is one of the most popular techniques for improving photoelectrochemical cell 
efficiency. 
In this study, we have grown STO films via PLD and processed them under different 
annealing conditions to evaluate their properties as potential DSPEC photoanodes.  The focus 
of this study is on attaining pure, compact STO films and varying the deposition and post-
deposition parameters.  Films were annealed at a variety of temperatures and thicknesses and 
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then annealed in three different atmospheric conditions.  Films were studied using 
spectroscopic techniques, flat-band potential measurements, linear sweep voltammetry, and 
transient absorption. Correlation of results from these experiments grants insight to the dye-
film interactions and the effects of changes in the film synthesis on those interactions. By 
comprehending these effects we gain additional understanding about the prospects and 
limitations of STO films as photoanodes for DSPECs.  Many of the results described here are 
published in Call et al.1 
3.1. Substrates and Film Growth  
Fluorine-doped tin oxide, a transparent, conducting oxide (TCO), on glass was the 
substrate used for the initial measurements with dye-sensitized STO.  TCOs are particularly 
useful for photoelectrodes because they enable absorption measurements of the electrode and 
absorbed dye.  Absorption measurements allow for precise calculations of the electrode 
efficiency and would enable a stacked architecture.  Stacked architectures could allow for 
absorption of almost the entire solar spectrum by stacking similar photoelectrodes to absorb 
all the light of a particular wavelength or stacking photoelectrodes that absorb different light 
wavelengths. 
A variety of TCOs are available, FTO was chosen because of its stability at high 
temperatures after deposition of the STO film.  Solgel films of antimony-doped tin oxide 
(ATO) were also tested as substrates but did not survive the annealing process.  In the case of 
ATO it appeared that the PLD process was too destructive as the films turned into powder 
during the annealing process even at low temperatures.  TEC-10 glass from Hartford Glass 
Company was used for this work. 
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3.2. Spectroscopic Characterization  
 Film thickness was measured via SEM images of the post annealed films (see Figure 
3.1.).  To obtain maximum contrast in the SEM images films were annealed and then 
sputtered with a thin layer of gold.  Samples were cracked to obtain a profile of the  
center of the film.  Higher numbers of pulses led to thicker films (results shown in Table 3.1) 
as expected though growth was not always linear. 
 
Figure 3.1.  Sample SEM image of STO film on FTO (annealed at 500 °C in H2 
atmosphere). 
Pulses 10k 25k 50k 75k 100k 
Thickness 400 nm 800 nm 1700 nm 2100 nm 3400 nm 
Table 3.1.  Comparison of PLD pulse count to measured thickness after anneal. 
XRD spectra examined a range of annealing temperatures and atmospheres (see 
Figure 3.2.). XRD peaks indicate that the annealed films (all atmospheres) are indeed 
crystalline SrTiO3 in the bulk. Post-deposition annealing and growth temperature caused 
noticeable changes in film crystallinity qualitatively assessed from the XRD scans. Samples 
annealed at 300°C in hydrogen exhibited the <004> peak of anatase TiO2. Phase separation 
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in SrTiO3 films grown by PLD has been observed previously but under dissimilar 
conditions.2–4   
XPS spectra were taken for films with varying thickness, annealing temperature, and 
growth temperature (see Figure 3.3.).  All films were annealed in an H2 environment.  These 
data showed a Sr:Ti ratio of 1.5 on the surface of films.  The only variable that led to a 
substantial difference in film spectra was annealing temperature.  Lower temperatures led to 
peaks that were broader and less intense indicating a less ordered state for these films. 





 Figure 3.3.  XPS spectra for STO films on FTO annealed in hydrogen environment. a) Full 
Spectrum; b) Sr 3d peak. 
UV-Vis was used to measure the absorption of STO films.  Strontium titanate 
stoichiometric crystals are expected to have a large band-gap and be transparent to visible 
light. Optical density measurements, corrected for reflection, scattering, and substrate 




visible region (see Figure 3.4.a.).  The small amount of absorption is observable with the 
naked eye.  Figure 3.4.b. shows a 1700 nm thick sample annealed at 500 oC in hydrogen.  
The location of the STO film is highlighted in the image for the reader’s convenience.  
Reflective of the UV-Vis spectrum, there is a slight change in color at the film.   
Figure 3.4. a) Absorption spectra for a thin (40 nm) STO film on quartz. The quartz substrate 
was used to discern the actual absorbance of STO below 400 nm (the glass substrate of FTO 
absorbs strongly in the UV). Sample was annealed at 500°C in a 2.5% hydrogen atmosphere.  
b) Image of STO film annealed at 500°C in air (samples annealed in oxygen and hydrogen 
look similar). 
3.3. Mott-Schottky Measurements 
 Mott-Schottky analysis is a derivative of electrochemical impedance spectroscopy 
(see Section 4.4.).  It can be done in two ways.  The most rigorous involves taking several 
EIS measurements at different applied potentials.  These impedance curves are then fit with 
equivalent circuits and the calculated interfacial (Helmholtz) capacitance is then used, in 
conjunction with the applied potential, in the Mott-Schottky equation.  Assuming that the 
applied potentials are close to the formal potential of the material the result should be a linear 
plot which can be fit to solve for both the flat-band potential and the majority charge-carrier 
(donor) density via the Mott-Schottky equation.    
An abbreviated technique appears regularly in literature throughout the last two 
decades.  In this case impedance is measured by varying the applied voltage and maintaining 
a) b) 
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a fixed perturbation frequency.  Assuming a simple series or parallel RC circuit as the 
equivalent circuit this data can be quickly analyzed to obtain the space-charge capacitance.  
The inverse square of the interfacial capacitance is then plotted against the applied potential 
allowing determination of the donor density and flat-band potential.   
A major drawback of this second technique arises when different frequencies are used 
to run the experiment.  Variation in the calculated space-charge capacitance is often observed 
for different frequencies in an effect known as frequency dispersion.  Chen et al. recommend 
a solution to this issue.5  When taking data across a range of frequencies and finding the 
donor density and flat-band potential Chen et al. claim that at least one of the two values will 
be consistent across the range of frequencies and that this value is valid.  In rare cases both 
values might be consistent.  The author saw this technique applied successfully in one 
collaboration to correlate a measurement of donor density from a distinct measurement6 and 
thus uses it here. 
 A standard observation for metal oxide electrodes undergoing Motty-Schottky 
analysis is the variation in measured flat-band potential with pH.  The change in flat-band 
potential vs. pH of many metal oxides (including STO) has been reported as -59mV/pH, a 
result that is associated with protonation and deprotonation of the electrode surface.7–9  To 
begin this work two unique materials were tested to verify if the correct trend is obtained via 
the simplified technique.  PLD grown STO films and solgel TiO2 (both on FTO) were tested 
and both exhibited this trend (see Figure 3.5.). 
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Figure 3.5. Flat-band potential vs. pH for a) PLD STO (slope = -59 ± 2 mV/pH) b) solgel 
TiO2 (slope = -60 ± 3 mV/pH) films. 
 Mott-Schottky curves were taken via the simplified method previously described in 
pH 5.8 electrolyte (0.2 M LiClO4) against an Ag/AgCl reference electrode.  The position of 
the flat-band potential can be a near approximation of the conduction band-edge and thus the 
Fermi energy of a heavily doped n-type electrode.  The position of the flat-band potential 
relative to the water redox potential can be a part of determining the capacity of an electrode 
to split water.  For these films, the post-deposition annealing step had the largest effect on 
measured flat-band potential. Annealing in a reducing environment led to more negative flat-




 A simple series RC circuit was assumed as the equivalent circuit to determine the 
capacitance of the space charge layer from the impedance measurements.  Several 
frequencies were used (100 Hz, 500 Hz, 1000 Hz) to determine if frequency dispersion had a 
significant effect on the results.  Following the advice of Chen et al. the values of the flat-
band potentials and carrier concentrations were monitored for frequency dispersion.5  As 
seen in Table 3.2. the results showed only a small amount of dispersion suggesting that 
frequency dispersion did not play a major role in these measurements.  Of the two 
measurements the carrier concentration exhibits a greater degree of frequency dispersion 










No Anneal 100 138 ± 4 (8.3 ± 0.2) x 1016 
No Anneal 500 121 ± 5 (5.3 ± 0.2) x 1016 
No Anneal 1000 117 ±2 (4.1 ± 0.08) x 1016 
Oxygen 100 96 ± 4 (6.0 ± 0.09) x 1019 
Oxygen 500 88 ± 2 (5.7 ± 0.2) x 1019 
Oxygen 1000 96 ± 2 (5.1 ± 0.08) x 1019 
Hydrogen 100 -36 ± 1 (7.1 ± 0.05) x 1019 
Hydrogen 500 -50 ± 1 (6.0 ± 0.02) x 1019 
Hydrogen 1000 -45 ± 7 (5.5 ± 0.2) x 1019 
Air 100 129 ± 2 (6.7 ± 0.1) x 1019 
Air 500 120 ± 3 (5.7 ± 0.1) x 1019 
Air 1000 122 ± 3 (5.1 ± 0.2) x 1019 
Table 3.2.  Measured flat-band potentials vs. NHE and carrier concentrations from Mott-
Schottky curves taken at different frequencies.  Done in pH 5.8 electrolyte with a Pt wire 
counter electrode and Ag/AgCl reference electrode. 
Samples were annealed in different environments to test the importance of annealing 
in a reducing atmosphere or oxidizing atmosphere. The hydrogen (reducing) environment 
yielded the most negative flat-band potentials as compared to samples annealed in oxygen or 
air (see Figure 3.6.). Film thickness and growth temperature had no noticeable effect on 
measured flat-band potentials.  Contrary to previous work on SrTiO3, the results for these 
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films were consistently more positive (lower) than the hydrogen reduction potential at pH 5.8 
(-342 mV).7,10 
Figure 3.6. (a, b) Mott-Schottky curves taken at 1 kHz (pH 5.8 electrolyte) for 1.7 μm thick 
STO films that were not annealed (●) or annealed at 500 °C in oxygen (■), hydrogen (x), or 
air (▲). Dashed black lines indicate linear fits used for calculations. 
The relatively high values of the flat-band potentials do not necessarily preclude these 
electrodes from being able to sustain a water splitting reaction.  If they are correct it would 
mean that a bias of approximately 300 mV should be required to initiate a water splitting 
reaction at the hydrogen-annealed electrode.  However, there is a possibility that these films 
will not require large applied biases to function as DSPEC electrodes because flat-band 




equivalent circuit might be required to interpret the impedance data and ions adsorbed on the 
film surface are known to shift measured flat-band potentials.11 Previous work, measuring 
flat-band potentials for TiO2, illustrates how reported flat-band potentials can vary by 
hundreds of millivolts for nominally the same material.7,12 Lastly these measurements were 
done in a dark environment but when the electrodes are illuminated their Fermi energy will 
jump to a distinct quasi-Fermi energy thereby changing the energetics of the system.  What 
can be extracted from this study is the trend of higher (more negative) flat-band potentials for 
annealed samples and particularly samples annealed in hydrogen.    
The calculations for the carrier concentration reveal a dramatic increase in carriers 
following the annealing process.  Annealed films had carrier concentrations on the order of 
1019 per cm2 a factor of 1000 higher than unannealed films. This is similar to previous reports 
of carrier concentration for annealed single-crystal STO.7,13,14 Samples annealed in different 
atmospheres had carrier concentrations that were statistically the same when averaged across 
multiple frequencies. This is unusual because of the different doping processes that occur in 
the different atmospheres (i.e. reduction in the hydrogen atmosphere and oxidation in the air 
or oxygen atmospheres). This result coupled with the trend in flat-band potential suggests 
that reduction and oxidation can result in similar increases in dopant concentration but the 
energies of the dopant states are significantly different. Previous studies on the effects of 
annealing atmosphere on STO have shown that annealing in hydrogen will lead to oxygen 





3.4. Sensitization with MPZnP 
 STO films were sensitized with the chromophore zinc(II) 5,10,15-tris(mesityl)-
20[(dihydroxyphosphoryl) phenyl] porphyrin (MPZnP, see Figure 3.7) in order to improve 
visible-light induced photocurrent.  Porphyrins have been shown to inject efficiently into 
other oxide materials used for photoanodes22 and this particular dye was chosen because it is 
capable of injecting charge into high conduction band edges making it ideal for use with STO 
films.12,23  It has a high molar absorption coefficient and a phosphonic acid functional group 
that provides an anchoring site for binding to the STO surface.12,23   
Chenodeoxycholic acid was incorporated into the loading solution to prevent 
aggregation of the porphyrin molecules on the electrode surface.24  Bare STO films were 
soaked in a 1:1 solution of 0.25 mM MPZnP dissolved in dichloromethane (DCM, Sigma-
Aldrich) and 10 mM chenodeoxycholic acid dissolved in methanol (Sigma-Aldrich) for 22 
hours to sensitize films with the porphyrin.   
UV-Vis absorption (Cary 50 Bio UV-Visible Spectrophotometer) was used to 
monitor samples during dye-loading and determine the adsorption isotherm of the dye. 
Absorbance for all samples plateaued within 22 hours of being submerged. Several dye 
loaded samples were desorbed in DCM and the absorption of the desorbing solution was 
compared to solutions with known dye concentration to determine the number of molecules 
on the surface (3.44 ± 0.22 x 1014 molecules/cm2).  The loading is a factor of 100 less than 
was found for similar porphyrin chromophores on  mesoporous metal-oxide films.25  
Utilizing estimates for the size and packing density of the molecules reveals that there 
is too much dye to only form one monolayer indicating that the chenodeoxycholic acid 
permitted some aggregation of the MPZnP.  Absorption measurements of loaded films grown 
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with different thicknesses and post-deposition annealing conditions were very similar 
indicating there were similar densities of molecules attached to all the films (see Figure 
3.7.a.).  This indicates that there was no penetration of the dye into the film itself.  Dye-
loaded STO was also compared to MPZnP-loaded films of TiO2 grown under the same 
pulsed laser deposition conditions. The TiO2 did load better, a result expected from the work 
by Burnside et al. (see Figure 3.7.b.).26 
Figure 3.7.  a) Comparison of dye-loading on films with different thickness.  b) Comparison 
of dye-loading on TiO2 and STO. 
3.5. Controlled Potential Electrochemical Measurements 
 Redox reactions can occur as the result of an externally applied potential or some 





redox reactions will be initiated by applying an external potential to a three-electrode 
electrochemical cell.  Controlled potential techniques involve the careful regulation of the 
applied potential (between the working and reference electrodes) while measuring the current 
between the working and counter electrodes.  Some experiments in this work will measure 
current in the electrochemical cell as a result of both the applied potential and illumination of 
the semiconductor working electrode. 
Two of the most common controlled-potential techniques are potential step 
techniques and potential sweep techniques.  In a potential step technique the applied potential 
is rapidly changed from the initial potential to the final potential.  Large, rapid changes in the 
applied potential have the effect of throwing the system into a non-equilibrium state (i.e. the 
surface concentrations are temporarily not governed by the Nernst equation).  In response to 
this rapid change a large current appears in the cell that will work to bring the system back to 
an equilibrium state.  Monitoring the current vs. time response to this kind of step is a 
technique known as chronoamperometry.  A common extension of this is to rapidly step the 
potential up, wait for some time and then step the potential back to its original value.  This 
technique is known as double potential step chronoamperometry.  It can result in rapid 
electrolysis followed by a reverse electrolytic reaction that can analyze what was made 
during the initial step. 
In this work, rather than rely on potential step light will be used to cause a change in 
current.  A constant potential will be applied and the system allowed to come to equilibrium.  
The semiconductor working electrode will then be illuminated and the illuminated system 
allowed to come to equilibrium.  Once equilibrium is reached the light will be turned off to 
observe the baseline current of the dark system for the given potential.  By subtracting the 
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equilibrium dark current from the equilibrium current while under illumination we obtain the 
photocurrent.   
Photocurrent is strongly affected by the magnitude of the applied potential relative to 
the flat-band potential.  Potentials that are more positive than the flat-band potential assist in 
the separation of photogenerated electron-hole pairs.  This increase in charge separation 
reduces recombination leading to an increase in photocurrent. 
Potential-sweep techniques involve a gradual change in potential over an extended 
time.  Linear sweep voltammetry (LSV) is used to examine changes to current as potential is 
slowly changed from an initial to a final value.  Cyclic voltammetry (CV) monitors current as 
applied potential is brought full circle, from the original potential, to a secondary position, 
and then back to the original potential.  CV can be helpful for making observations about the 
reduction and oxidation of the electroactive species.  In this work it was simply used for 
cleaning electrodes of any adsorbed contaminant before taking measurements. 
Linear sweep voltammetry is herein used similarly to what was described for 
potential-step techniques except that with LSVs illumination of the electrode will be 
periodic.  By periodically illuminating a semiconductor electrode undergoing LSV the 
current with respect to applied potential can be succinctly mapped.  The onset potential for 
photocurrents (i.e. the potential at which photocurrent is first observed) is often related to the 
flat-band potential.  The only difference is whatever small potential is required to increase 
the Fermi energy of the counter electrode and thus allow current to flow. 
  For both LSV and chronoamperometry experiments occasionally sharp peaks and 
troughs in photocurrent will be observed when the electrode is illuminated and darkened.  
These peaks and troughs are termed nonfaradaic current and are ascribed to changes in 
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species concentration at the electrode surface.  These changes are not equilibrium states and, 
when combined with effects such as the charging of the Helmholtz layer, after changes in 
applied potential necessitate a waiting period for the system to come to equilibrium.  With 
regards to potential-step methods a 10 second wait was generally sufficient to be within 10% 
of the photocurrent value after 1 minute.  In the case of potential-sweep methods it is 
important to change the applied potential slowly enough to maintain an approximate 
equilibrium state at the electrode surface.  With this done the timing of the periodic 
illumination can be the same as that of the potential-step technique (i.e. a minimum of 10 
seconds).  As time permitted longer illumination periods were utilized. 
3.6. Photocurrent Measurements 
 Photocurrent measurements were performed with a CH Instruments potentiostat 
(Model 760E) using both sensitized and nonsensitized STO films as a working electrodes, an 
Ag/AgCl reference electrode (Bioanalytical Systems Inc., RE-5B, 3 M NaCl; 0.207 V vs. 
NHE), and a braided Pt wire counter electrode. The working and counter electrodes were 
arranged inside a glass cuvette with a frit separating them from the compartment containing 
the reference electrode. Light for these experiments was provided by a Lumencor light source 
(Lumencor, Inc.; model Spectra; λmax = 445 nm, 20 nm FWHM, variable power up to 75 
mW; beam diameter: 0.8 cm). Linear sweep voltammetry (LSV) and chronoamperometry 
were used to evaluate the photocurrents. 
STO films were grown via PLD and then annealed in a variety of atmospheric 
conditions.  Atmospheric conditions included standard atmosphere, pure O2, and 2.5% H2 
bulk argon.  Film thickness was varied by increasing the number of pulses used for 
fabrication.  FTO temperature during film growth was also varied to investigate any possible 
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changes due to this parameter.  Rastering pattern, rotation rate, pulse rate, pulse power, and 
PLD chamber back-pressure were kept constant to produce films with consistent porosities.  
Annealing conditions varied in temperature and atmosphere but films were annealed at max 
temperature for a consistent amount of time and heating/cooling rates were kept constant.  
Film thickness and growth temperature were also studied to observe their effect on 
photocurrent (Figure 3.8.). Thickness is important because it determines the distance that 
electrons need to travel through the resistive film to reach the transparent conducting oxide. 
Photocurrent measurements for films varying from 400 nanometers to 3.5 microns showed 
that even for the thickest films the reduction in photocurrent was not large (~2x). High 
growth temperatures usually allow atoms to move more freely on the film surface after 
deposition producing more compact films. In these experiments, though, the effects of 




Figure 3.8. Photocurrent measurements of MPZnP-sensitized STO films with varying a) 
growth temperature (400 mV applied bias vs. NHE.  pH 6.1 acetate buffer with 0.2 M LiClO4 
and 20 mM EDTA) and b) thickness (300 mV applied bias vs. NHE.  pH6.1 acetate buffer 
with 0.2 M LiClO4 and 20 mM EDTA.).  Lightsource was 445 nm with increasing intensity 
for each peak (15 mW/cm2, 50 mW/cm2, 75 mW/cm2). 
Photocurrent measurements were used to determine the required applied potential to 
achieve positive anodic photocurrent from the sensitized films under visible light 
illumination.  A film that requires a small, or 0V vs. NHE, applied voltage will have a better 
chance of success in a bias free DSPEC cell than a film that requires an applied bias of 100’s 
of millivolts.  Photocurrent measurements were performed in the presence of EDTA which 
acts as a reductive scavenger, regenerating the porphyrin chromophore after excitation and 
injection have occurred. This reduces charge recombination between the injected electron 
and oxidized dye, allowing the charge carriers to diffuse to the FTO back contact. 
To confirm that the photocurrent observed for the dye-loaded films stemmed from 
sensitization, photocurrents were measured for bare STO films and for FTO substrates.  Bare 
STO films, as shown in Figure 3.4., absorb some light at 445 nm and were found to produce 
photocurrent density on the order of nA/cm2.  The series of experiments to determine the 
photocurrent contribution of MPZnP and the STO film itself is summarized in Table 3.3. The 
dye-sensitized STO electrodes exhibit substantially higher photocurrents as compared to the 
b) 
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bare STO films.  Annealing the STO film electrodes in hydrogen causes the most substantial 
increase (x10) in photocurrent.  These results simultaneously confirm that the annealing step 
is very important for improving photocurrent for these STO films and that sensitization with 
MPZnP yields a significant contribution to the photocurrent.  Annealed, sensitized films 
illuminated with a 1.5 AM solar simulator (0.1 sun intensity at the electrode with a 400 nm 
wavelength cutoff filter to exclude direct UV excitation) had photocurrent densities on the 
order of 5 nA/cm2 and exhibited significantly more noise than those illuminated with the 
intense 445 nm source. No additional measurements with the solar simulator were pursued 
for these electrodes. 
Table 3.3. Visible-Light Photocurrent Measurements of Films Annealed in 2.5% Hydrogen.  
Applied voltage was 0.2 V vs. NHE; 445 nm illumination at three different intensities. 
Measurements were taken by subtracting the dark current from photocurrents 10 seconds 
after initial illumination in order to allow the system to come to equilibrium. 
The effects of annealing temperature were studied by measuring photocurrent from 
films that had been annealed in 2.5% hydrogen at three different temperatures (300 °C, 500 
°C, 600 °C) and were then sensitized with MPZnP. This revealed a trend of increasing 






15 mW/cm2 50 mW/cm2 75 mW/cm2 
FTO 500 °C - 3.0 7.0 7.0 
FTO 500 °C MPZnP -13 0.2 13 
STO on FTO - - 2.0 5.0 5.0 
STO on FTO 500 °C - 22 55 80 
STO on FTO 300 °C MPZnP 20 40 50 
STO on FTO 500 °C MPZnP 50 170 250 
STO on FTO 600 °C MPZnP 50 230 360 
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measured carrier concentration for films annealed at higher temperatures. However, for 
samples annealed in 2.5% hydrogen at 600°C the resistance of the FTO substrate increased 
by 1000-fold. If this change in the resistivity of the conductive substrate could be avoided the 
increase in photocurrent for higher annealing temperatures would be greater. 
A number of films were produced with optimal properties for maximizing 
photocurrent.  By performing linear sweep voltammetry on these samples under periodic 
illumination we can see what range of voltages is required for obtaining positive 
photocurrents.  Figure 3.9. shows linear sweep voltammograms from -0.4V to 0.4V (vs. 
NHE) with periodic illumination (1/20 Hz) by the 445 nm lightsource.  Hydrogen annealed 
samples maintain positive photocurrent throughout the potential range while samples 
annealed in air and oxygen do not start yielding a positive photocurrent until -70 ± 5 mV and 
90 ± 5 mV respectively.  This does not definitively mean that a DSPEC device using the 
hydrogen films could run with no external bias as other losses would appear in a complete 
water splitting operation and the photocurrents for these films are far too small.  However, 
this result is a positive indication that the application might be possible if the photocurrent 
could be increased substantially. The highest photocurrent density in this experiment for 0V 
applied potential vs. NHE came from the sensitized sample annealed in hydrogen. It yielded 
350 nA/cm2 above dark level for 75 mW/cm2 illumination at 445 nm wavelength. 
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Figure 3.9.  Offset linear sweep voltammograms from -400 mV to 400 mV (vs. NHE) of 
dye-sensitized STO films (1.7 μm thick, grown with 10 mTorr oxygen back pressure) 
annealed to 500 °C in different atmospheres [from top to bottom: hydrogen, air, oxygen, 
hydrogen (unsensitized)] periodically illuminated with 445 nm light (75mW/cm2). 
Measurements were done in pH 6.1 solution of 0.2 M LiClO4 and 20 mM EDTA with an 
acetate buffer.  
As seen in Figure 3.9., depending on annealing conditions and applied potential the 
sensitized electrodes exhibited photoanodic or photocathodic behavior, indicative of either an 
electron or hole injection process, respectively. This dual behavior has been observed 
previously in nonsensitized systems and attributed to the sign and magnitude of the applied 
overpotential.27–29  The potential at which the change occurs is of special interest.  The results 
in Figure 3.9. correlate well with the Mott-Schottky analysis in that the conduction band 
edges of these samples change depending on the post-deposition annealing atmosphere with 
hydrogen and air annealed samples having more negative conduction band edges than 
oxygen annealed samples.  Bolts and Wrighton found that measured flat-band potentials for 
single-crystal metal-oxides corresponded closely with the onset of photoanodic currents but 
in this work on sensitized STO films that conclusion is not supported.7  Less applied potential 
is required for water splitting to occur for samples with more negative conduction band 
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edges.  This result supports the picture previously developed for photoelectrochemical cells 
in Chapter 2. 
3.7. Transient Absorption 
 Transient absorption (TA) experiments were employed to further investigate the 
photoresponse of these sensitized STO films. TA is commonly used to investigate the charge 
injection of dye into the semiconductor substrate. Given the low measured photocurrent 
densities (disproportionally low even after considering the limited surface area), this raises 
the concern of whether or not MPZnP is efficiently injecting charge into the STO film. In 
previous work it has been shown that injection from singlet states of porphyrin chromophores 
is in competition with loss to triplet states in the dye.25  
TA experiments were conducted in pH 5.8 acetate buffer with 0.2 M LiClO4 in order 
to assess the injection dynamics and match with the photocurrent measurements. A dye-
loaded non-conductive glass slide was selected as the most appropriate control sample. 
Figure 3.10. shows a representative plot of the time-resolved signal for the STO samples 
along with normalized kinetics for each sample. The observed photophysics for the STO 
samples were the same regardless of annealing treatment, and furthermore, the same as a 
dye-loaded inert glass sample. The rapid decays, compared to nanosecond solution lifetimes, 
and other observations suggest chromophore-chromophore interactions dominate the 
observable photophysics, obscuring any electron or hole injection.30,31  
The overall shape of the earliest transient spectrum contains two negative peaks at 
405 and 432 nm and does not resemble the ground state absorption spectrum which has only 
one peak at 428 nm. The negative peaks evolve over time, converging to a long-lived single 
negative peak at 436 nm. The induced absorption peaks at 380 nm and 450-650 nm relax 
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with the same overall time constant as the bleach, but do not significantly change in shape.  
The kinetics are multiexponential containing a fast component with an average lifetime of 30 
ps and a small portion (~8%) of long-lived multiexponential signal due to injection that 
persists with a <t> of 15-30 microseconds depending on the annealing atmosphere. The 
spectra and lifetimes are comparable to previously reported results for Zn porphyrins 
anchored to TiO2.
31–33  
Figure 3.10.  (a) Evolution of the transient signal for the O2 annealed STO sample from 0.92 
picoseconds to 1527 picoseconds after illumination (This time evolution was similar 
regardless of the annealing film conditions). (b) Normalized kinetics traces for the 460 nm 
induced absorption for various sensitized STO films and the sensitized inert glass. 
In an attempt to limit the extent of chromophore aggregation, a second set of samples 




the early time bleach is not split and more closely resembles the ground state absorption; 
however, the excited state spectrum still changes over time and the decay kinetics remain the 
same as the original samples, indicating that the observed signal is still primarily from 
chromophore-chromophore interaction. Samples showed reductions in photocurrent as they 
were loaded for longer amounts of time despite having increased amounts of dye (Figure 
3.11.).  Lower photocurrent for longer dye-loading time has been observed previously for Zn 
porphyrins on TiO2.
32  Our results suggest only a small minority of monomer chromophores 
interact with the STO, and longer loading time depletes these monomers lowering the 
photocurrent. The ultrafast dynamics were found to be almost identical in the sensitized STO 
films and a sensitized inert glass sample. This indicates, contrary to expectations, that the 
charge injection from the MPZnP chromophore into the STO films is highly inefficient. The 
aggregation of MPZnP on these samples appears to be a very significant problem prompting 
the decreasing photocurrents in spite of the presence of chenodeoxycholic acid.   
Figure 3.11.  Amperometric i-t curves for a sample loaded with progressively more MPZnP.  





 The density of states of a semiconductor electrode is an important determinant of the 
nature of the semiconductor-electrolyte interface.  Spectroelectrochemistry provides a means 
to map the density of states of semiconductor electrode and can be done through a variety of 
techniques.  In this work a voltage is applied to the semiconductor electrode that leads to near 
zero current.  After allowing the system to equilibrate the potential is then stepped down to 
force electrons in to the conduction band.  After the system has arrived at equilibrium the 
potential is then stepped back.  This process is repeated for increasingly negative potentials.  
The technique used here is based on that of O’Donnell et al.34 It is slightly modified in that 
O’Donnell et al. needed a two-step process, first to find the extinction coefficient of the 
material and next to determine density of states.  This was necessitated by equipment 
limitations.  By writing a macro to control the voltage and monitor current for an extended 
period of time this should be doable in a single-step process (described above).   
Throughout these potential steps the UV-Vis spectra of the film are taken with 
particular emphasis on the change in absorption of short wavelengths.  Changes in absorption 
are associated with the filling of energy states by electrons.  Ideally the absorption should be 
observed to increase as charges fill conduction band states and then return to its original 
value if all these charges are extracted while the baseline potential is applied. 
Chronocoulometry will allow a measure of how much charge is extracted after 
reverting back to the baseline potential. The rate of change of the extracted charge with 
respect to the applied potential is equivalent to the chemical capacitance.  Chemical 
capacitance is proportional to the density of states.35  By mapping the density of states of the 
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semiconductor we can obtain insight into how the electrode will function in an 
electrochemical cell. 
This technique faces a number of potential impediments.  Complete charge extraction 
after injection is difficult and can take an extended period of time.  If the electrode shifts, 
exposing a new position to the UV-Vis apparatus could change the baseline absorption.  
Additionally, any variation in the lightsource can make it extremely difficult to monitor the 
small changes in absorption that come from the filling of higher energy states.  This 
technique is applied to a well-known material (solgel TiO2) to determine if it can be used to 
map the density of states of the STO electrode. 
 Spectroelectrochemistry was utilized to attempt to map the density of states of the 
STO electrodes used in this work.  To confirm the efficacy of the technique well-known 
solgel TiO2 films were tested first.  A positive result with these would encourage an attempt 
with STO electrodes.  Electrodes were submerged in pH 5.8 electrolyte and changes in 
absorption for high energy wavelengths were monitored while the electrode underwent a 
series of potential steps.  It was found that an applied potential of +100 mV led to stable 
currents near 0.0 mA thus this was used as the baseline applied bias.  Potential steps to 
progressively more negative potentials and then back to this baseline ought to push electrons 
into and out of excited states resulting in a change in absorption for short wavelengths.  
Initially a large spectrum absorption scan was used to determine areas of interest and later an 
individual wavelength was used for monitoring absorption.  The Cary 50 spectrophotometer 
was initially used for these measurements but its lightsource proved too unsteady for this 
delicate measurement.  Thus, the Cary 5000 spectrophotometer was used instead.  Results 
continued to be dominated by noise and showed very slow charge extraction.  Additionally, 
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baseline changes in absorption made it impossible to determine density of states via this 
method for these samples.   
 Figure 3.12. is a plot of the cleanest data obtained during these measurements.  Notice 
that while we do see increasing amounts of charge extracted the absorption never returns to 
its original value but is instead sloped.  This is indicative of charge accumulating in the 
electrode and not being extracted.  Without a way to quantify the accumulated charge it is 
impossible to determine how much charge injected for a given potential step. 
Figure 3.12. The black line indicates absorption, colored lines are chronocoulometric 
measurements on the electrode.  When the baseline voltage is applied we expect all charge to 
be extracted and the absorption return to its baseline.  
3.9 Catalyst Sensitization 
To further explore the application of these materials for DSPEC devices, an 
additional experiment was done with films that were loaded with both MPZnP and the water 
oxidation catalyst.  Here, it was anticipated that upon photoexcitation, MPZnP would inject 
into the STO conduction band and the oxidized MPZnP could then oxidize the ruthenium 
water-oxidation catalyst to initiate the water-splitting reaction.  In this simple experiment 20 
mM hydroquinone in a pH 2.8 electrolyte was employed as a sacrificial reductant to 
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regenerate the MPZnP dye.  The low pH was necessary to prevent the catalyst from rapidly 
desorbing off the surface.  Measurements with this configuration (Figure 3.13.) yielded a 10-
fold increase in photocurrent over previous experiments.  This increase in photocurrent for 
these samples could be due to the lower pH (which would adjust the flat-band potential) or 
direct electron injection into the STO from the catalyst molecule which has an absorption 
peak near 445 nm.  Attempts to optimize the MPZnP:Catalyst ratio were unsuccessful.  
Simultaneous loading resulted in catalyst molecules adsorbing onto the surface and blocking 
MPZnP and sequential loading resulted in the catalyst replacing MPZnP on the surface.   
Figure 3.13.  Photocurrent measurements of STO films (1.7 μm thick, grown with 10 mTorr 
back pressure, annealed at 500 °C in hydrogen) that are bare, loaded with MPZnP, MPZnP and 
the water oxidation catalyst, or the catalyst by itself. Measurements were done in pH 2.8 acetate 
buffer with 0.2 M LiClO4 and hydroquinone with 400 mV bias vs. NHE.  Illumination 
intensities were 15 mW/cm2, 50 mW/cm2, and 75 mW/cm2. 
3.10. Summary of Dye-Sensitized STO Electrodes on FTO 
 Initial measurements of dye-sensitized STO films on FTO substrates showed the 
strongest effects on electrode performance were due to the dye and post-deposition annealing 
temperature and atmosphere.  Post-deposition annealing in air or oxygen led to films with 
more positive flat-band potentials that could exhibit photocathodic or photoanodic behavior 
depending on the applied bias.  The best photoanodic performance was achieved by films 
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annealed in hydrogen at higher temperatures.  Annealing temperature was limited by the FTO 
substrate, replacing it with a substrate that can withstand higher temperatures could allow for 
further improvement to STO film photoelectrodes. 
 MPZnP proved to be an inefficient chromophore on these STO films.  Ultrafast and 
nanosecond scale transient absorption spectroscopy showed major losses in current because 
of dye-aggregation and chromophore-chromophore interactions.  Despite these losses the 
maximum photocurrent via LSV at 0V vs. NHE was 350 nA/cm2 for these films under 75 
mW/cm2 illumination (445 nm).  This only corresponds to an efficiency of 0.01%.  A dye 
that loads and injects charge more efficiently into STO would lead to improved performance 
for these electrodes. 
 Another way to improve performance is suggested by the success of microporous 
metal oxide electrodes in DSSCs.  Increasing surface area leads to increased dye-adsorption 
and could lead to higher photocurrents per unit (geometric) area.  This is a convenient test to 
attempt because of the flexibility of the PLD growth technique.  Higher background pressure 
or increased target-to-substrate distance can both lead to higher porosity films.  Attempts 
were made to fabricate porous films on FTO.  While dye-loading on these films did increase, 
their performance significantly decreased.  This is probably due to increased chromophore-
chromophore charge-transfer. 
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Chapter 4  
STO Films on Ti-Substrate 
 Based on the results from dye-sensitized STO film electrodes, significant 
enhancements to the STO film growth process could lead to improved performance for dye-
sensitized STO photoanodes.  With this motivation in mind investigations into how to affect 
these enhancements was begun for bare STO electrodes.  Photoelectrochemcial cell 
electrodes that are not sensitized are significantly simpler to study and characterizing the 
mechanisms behind improved performance in these electrodes could lead to inspiration for 
how to improve the performance of dye-sensitized electrodes. 
4.1. Substrates 
A major result of the previous work was a drastic improvement in performance with 
annealing temperature.  Unfortunately, the FTO-coated glass used for the sensitized STO 
experiments showed dramatically increased resistivity for high temperature anneals.  Even at 
600 oC resistivity of the FTO had increased by a factor of x100 over FTO annealed at 500oC.  
For nonsensitized electrodes there is less of a need to have a transparent substrate, thus, 
opaque substrates were not excluded from the search for a better substrate for STO film 
electrodes.   
Crystalline silicon worked well for optical measurements but was not useful for 
electrochemical measurements because of its high resistivity.  Highly doped (p-type) 
conductive silicon and glassy carbon showed reduced conductivity after hydrogen anneals 
even for moderate annealing temperatures.  Silver foil substrates were tested but these 
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substrates corroded during electrochemical measurements making them undesirable for this 
application.    
Titanium substrates proved to be the most capable of withstanding high annealing 
temperatures is a hydrogen environment.  These substrates did show some small increase in 
resistivity at high annealing temperature in a hydrogen environment (presumably due to the 
formation of titanium hydroxide on the substrate surface).  This was combatted by depositing 
a 10 nm barrier layer of Al2O3 on the substrate surfaces not covered by STO.  This layer 
allowed the titanium substrates to be annealed up to 700 °C in hydrogen without any change 
in resistivity.  A similar barrier layer was tried on the other substrates but proved to be less 
effective for them.  
 The geometry of these substrates was designed to work with an RDE/RRDE setup.  
This allowed use of small electrodes, an important factor when using expensive materials.  
Titanium was purchased as a rod from McMaster-Carr and then machined into small 
cylinders (diameter 5 mm, length 4 mm) and cleaned (sonicated in acetone and isopropyl 
alcohol for a minimum of 30 minutes each) before depositing the Al2O3 barrier layer and the 
STO film.   
4.2. Photocurrent measurements 
 To determine the relationship between film thickness and photocurrent production a 
series of films were created ranging from 20 nm to 1μm thick and post-annealed at 700 °C.  
The results, summarized in Figure 4.1.a., show that photocurrent peaked at a thickness of 40 
nm, thus this thickness was maintained for investigations into annealing effects.  The 
underlying cause of this peak performance at 40 nm thickness is not obvious, as optical 
absorption and electrical resistance are both functions of the geometric dimensions.  
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Electrochemical impedance spectroscopy (EIS) was used to examine these films under 
illumination and in the dark (see Figure 4.1.b-c.). 
 








 Figure 4.1.  Summary of thickness study of STO films on Ti substrates via a) photocurrent 
measurements and electrochemical impedance spectroscopy in the dark (b) and under 
illumination (c).  The pH 5.8 electrolyte was used for these measurements with a 375 nm 
laser (4.0 mW/cm2). 
Dark EIS showed a small improvement for 40 nm films over films in the range of 80 
nm to 400 nm and a substantial improvement over films that were 20 nm and 1000 nm thick.  
For illuminated electrodes there was very little difference between the electrodes and what 
differences appeared did not follow a trend with film thickness.  Given these observations in 
conjunction with the clear advantage for 40 nm films shown in the photocurrent 
measurements it was determined that 40 nm films would be the best option for subsequent 
studies of these electrodes.  
Photocurrent measurements of these films under the conditions described above were 
done for films annealed at several temperature setpoints, Figure 4.2. shows that films 
annealed up-to and below 300 °C exhibited < 0.1 µA/cm2 photocurrent densities.  Annealing 
above that point resulted in very significant improvements in photocurrent densities, with a 
~104 factor increase for the best film which was annealed at 700°C.  Incident photon-to-
electron conversion efficiency (IPCE) for the film annealed at 700 oC under these conditions 
c) 
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(0V bias vs. Ag/AgCl, 375 nm, 4.0 mW/cm2) is 67%.  True IPCE is measured under short 
circuit conditions, for these films with applied bias 0 V vs. NHE the IPCE was 28%. 
Figure 4.2. Plot of measured photocurrent density for STO films with increasing annealing 
temperature with 0 V applied bias vs. Ag/AgCl.  Photocurrents were measured by subtracting 
the dark current from the measured photocurrent 20 seconds after illumination to allow the 
system to come to equilibrium.  The pH 5.8 electrolyte was used for these measurements 
with a 375 nm laser (4.0 mW/cm2). 
 The cause for this dramatic increase in photocurrent for films annealed at higher 
temperatures is the subject under investigation below.  Along with photocurrent 
measurements, spectroscopic ellipsometry and electrochemical impedance spectroscopy are 
used to investigate the underlying causes of this large increase in performance. 
4.3. Spectroscopic Measurements 
Film crystallinity is expected to play a very important role in the large photocurrent 
density changes noted in Figure 4.2.  Figure 4.3. shows in particular the clear XRD signature 
of crystalline STO. XRD data shows that STO films annealed (at or beyond 500 °C) via the 
same methodology and parameters described here indeed result in films with the same crystal 
spacings.1  Films annealed at or below 300 °C did not exhibit STO peaks (see Figure 4.3.b. 
for comparison).  These differences in film crystallinity have an impact on the electronic 
properties of the films, however, it is not the only important factor. 
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Figure 4.3.  a) XRD spectra of STO film annealed at 700 °C.  The broad peak at 20° is from 
the fused silica substrate. b) spectra of a set of films corresponding to the photocurrent 
measurements. 
For these thin films differences in absorption were studied by examining the 
extinction coefficient spectra of the films via ellipsometry.  In order to obtain extinction 
coefficients for these films, fits to a multi-oscillator model were performed from the 
ellipsometric and reflection data.  The films were characterized with the ellipsometer using a 
range of wavelengths from 300 nm – 1000 nm and examined at 65°, 70°, and 75° incidence 
angles.  Reflection measurements were taken at 20°, 30°, and 40°.  Films that were annealed 




model.  Unannealed films and films annealed at 300 °C required a combination of a Tauc-
Lorentz and a Gaussian oscillator (commonly used to fit insulating or amorphous films).  
Extinction coefficients (k) and index of refraction calculations (n) are shown in Figure 4.4. 
for all samples based on the described fits. 
Figure 4.4.  a) Index of refraction of all samples vs. wavelength.  b) Extinction coefficients 
for all samples. 
Significant changes were found for both n and k values for films annealed at different 
temperatures.  Samples annealed at a minimum of 500 °C show a distinct difference from 
samples annealed at lower temperatures.  Films annealed at 500 °C or higher were within 10 
% of the index of refraction of single-crystal STO (n = 2.4 over the visible range).  The 




%. While differences in index of refraction for samples annealed at 500 °C and 700 °C are 
minimal that is not true for their extinction coefficients.  Extinction coefficient spectra show 
that the 500 °C samples are not as heavily doped as 700 °C samples, which have a band-edge 
deeper into the visible.  The band gap for films annealed at 500 °C appears near 380 nm (k > 
0.001) which corresponds closely to previous measurements of the indirect band gap of bulk 
STO.2  Films annealed at 700 °C begin to absorb at 420 nm indicating a 0.3 eV diminution of 
the bandgap.  At 375 nm wavelength (the illumination wavelength for electrochemical the 
experiments), the extinction coefficients for samples annealed at 700 °C are 60% higher than 
samples annealed at 500 °C indicating that the 700 °C samples will absorb slightly more light 
for these experiments.  Taken together these results show that while there is only a small 
difference in crystallinity for films annealed at 500 °C and 700 °C there is a significant 
difference in doping.   However, the enhanced absorption is not sufficient to explain the large 
~100 fold photocurrent jump between those two annealing conditions. Changes in electric 
charge transport properties should still be the main factor behind the improvements.   
4.4. Electrochemical Impedance Spectroscopy 
One of the more complex electrochemical techniques considered here is 
electrochemical impedance spectroscopy (EIS).  EIS involves the application of a direct 
potential with a relatively small, sinusoidal signal superimposed on the applied voltage.  By 
monitoring the reaction of the current to this small signal as it changes frequency the 
complex impedance (Z) of the system can be calculated (see Equations 17 - 19). 
𝑉 = 𝑉𝑜 + sin⁡(𝜔𝑡)   Equation 17 




→ 𝑍 = 𝑍′ + 𝑖𝑍"  Equation 19 
The accepted technique for analyzing this complex impedance involves fitting the 
impedance of an equivalent circuit to the measured impedance of the electrochemical cell.  
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Each element of the equivalent circuit is associated with a part of the electrochemical cell 
such as the electrolyte, the electrode-electrolyte interface, or the electrode itself.  This 
association allows for analysis of such details as capacitance due to the space-charge layer 
and electrical double-layer or impedance of charge transfer across the electrode-electrolyte 
interface and through the bulk of the electrode.   
The construction of the equivalent circuit is complex and relies heavily on the 
composition of the electrochemical cell. The most basic circuits are simple series or parallel 
RC circuits.  A common variation is the Randles circuit (see Section 3.B.v).  Capacitors in 
these circuits are more often substituted with circuit elements known as Warburg elements.  
Warburg impedance accounts for the effects of diffusion across two-dimensional electrodes.  
Other equivalent circuits use constant phase elements to account for nonideal capacitors and 
other circuits are based on transmission line models.  Selection of a particular equivalent 
circuit is based on how well its calculated impedance fits the measured impedance.  It is 
possible to make circuits with many elements that produce precise fits but the circuit 
elements do not all have a corresponding physical component.  It is generally recommended 
to avoid these circuits and to use the simplest circuit that provides a good fit.  Clearly the 
term “good” is subjective.  Software provided by Gamry (Gamry Echem Analyst) provides a 
“goodness of fit” (GoF) parameter to make this determination.  Gamry suggests that a “fair” 
fit will have a GoF value of 0.01 (approximately 10% error) while a “good” fit will have a 
GoF value of 1*10-4 (approximately 1% error). 
 The process of annealing these electrodes in a reducing environment should create 
donor states near the conduction band edge.  As seen above, a sufficient number of these 
states significantly changes the band edges of the STO.  In a PEC the band edges of the 
93 
semiconductor electrode need to be properly aligned with the redox potentials of the 
interfacial reaction.  Charge needs to be efficiently transferred into the film and passed to the 
conductive substrate without significant recombination back into the electrolyte.  Impedance 
measurements of the system can provide insight into how the changes in the band edge are 
effecting the performance of these films.  They can also reveal any changes in the dielectric 
properties of the film.  Here duplicate films annealed at different temperatures were 
investigated with EIS to characterize any changes in impedance due to annealing 
temperature.  Samples were tested under 0 V applied bias vs. Ag/AgCl with an illumination 
bias as recommended by Adachi et al.3  By operating under an illumination bias EIS data will 
reveal more about the processes occurring when the system is under operating conditions. 
Figure 4.5. shows that the impedance of these STO films changes significantly with 
the post-deposition annealing temperature.  The variation in impedance between unannealed 
samples and samples annealed at 700 °C is nearly a factor of 104.  These large changes 
indicate substantial reductions in impedance for the interface and/or the bulk of the film.  We 
note that electrolyte was constant throughout these measurements limiting the possible 
causes for these changes to shifts in the band structure and charge transport properties of 




Figure 4.5.  Nyquist plots of EIS measurements for STO films annealed at different 
temperatures.  Figures a-c show the same plots at different scales to clarify the large change.  
The pH 5.8 electrolyte was used for these measurements with a 375 nm laser (4.0 mW/cm2). 
Fitting EIS data with an equivalent electrical circuit can give insight into how the 
various elements of the system evolve.  Choosing an appropriate equivalent circuit is a 
challenge and requires some knowledge of the physical system combined with some level of 
empiricism.  Here five common equivalent circuits used to investigate metal-oxide 
photoanodes in PEC setups were compared (see Figure 4.6. for diagrams of the circuits).   
  The Randles circuit is historically perhaps the most common equivalent circuit in 




used to model a physical system.  Capacitance in an electrochemical electrode is rarely ideal 
and thus replaced with what is known as the constant phase element.  The impedance of a 
capacitor and a constant phase element are shown below where Yo is the capacitance and α is 
a constant that is unity for an ideal capacitor.  A second common element that is incorporated 
in large electrodes is the Warburg impedance.  Warburg elements are used for accounting for 
the diffusion of charges near a large, planar electrode.  With this in mind a modified Randles 
circuit was used for modeling impedance measurements as well.  The remaining circuits 
come from literature on related electrodes and setups.  Circuit C considers the space charge 
layer and Helmoholtz layer separately.4–6  Circuit D is intended to model charges falling into 










Figure 4.6. Diagrams for a) Circuit A, the Randles circuit; b) Circuit B – the modified 
Randles circuit; c) Circuit C – modeling space charge and Helmoholtz layers; d) Circuit D – 
modeling trapping of charges; e) Circuit E – transmission line model.  For all circuits W is a 
Warburg element and Ø is a constant phase element.  BTO is the Bisquert transmission line 
model.  (Images produced by Gamry Echem Analyst.) 
The quality of the fits relative to each other is evaluated using the Gamry “goodness 
of fit” (GoF) calculation.  Gamry suggests that a “fair” will have a GoF value of 0.01 
(approximately 10% error) while a “good” fit will have a GoF value of 1*10-4 (approximately 
1% error).  None of the equivalent circuits obtained the good fit standard but Circuits 3 – 5 
had GoF values on the order of 0.001.  Of those three, Circuit C is the simplest and had the 
lowest average GoF value across the samples annealed at different temperatures.  Thus 
Circuit C is used to formulate some cautious physical interpretations of the results. 
A close look at the fits to the EIS data from Circuit B and Circuit C can be 
instructive.  Notice that if the space charge elements of Circuit C are neglected we obtain 
Circuit B.  When fitting these EIS curves it was found that samples annealed at high 
temperatures can be fit by Circuit B and Circuit C with very similar parameters but at low 
temperatures Circuit B fails to fit the curve while Circuit C performs as well as it did for high 
e) d) 
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temperature samples.  A comparison of the fits and the resulting fitting parameters is found in 
Figure 4.7.     
Figure 4.7.  Figure A.4 – Bode plots of EIS data for samples annealed at a) 700 oC, b) 500 
oC, c) 300 oC, and d) unannealed samples.  Fits are done with the single component circuit 
(green) and dual component circuit (red) shown in Figure 4e) Rsc and Rct are shown for STO 
electrodes annealed at different temperatures in a reducing environment (Rct parameters are 
offset to make them more visible).   
Changes in capacitance were insignificant relative to the large changes in both the 
space charge resistance (Rsc) and the interfacial charge transfer resistance (Rct) thus the large 
increase in photocurrent is attributed to the change in those two parameters (see Table 4.1. 





crystalline STO film and its doping via annealing in a reducing environment.  These changes 
correlate with previous measurements of STO in similar annealing conditions that showed 
increases in conductivity with annealing temperature.7,8  Charge transfer resistance is a 
measure of how well charges move across the electrode/electrolyte interface.  This transfer is 
largely controlled by the relative positions of the quasi-Fermi energy of the semiconductor 
and the redox-Fermi level of the electrolyte.  From these results it appears that higher 
annealing temperatures advantageously effect the position of the quasi Fermi energy for this 
system.  It is important to note that this EIS analysis does not allow a determination of what 
combination of properties changed to produce the effect seen here, rather it only provides a 
quantitative determination of the effective resistance associated with these parameters. 
 Rct (Ω) CH (F) Rsc (Ω) Csc (F) 
No Anneal 1.0e7 8.1e-05 1.4e7 2.3e-06 
300oC 3.8e4 1.4e-06 3.7e6 1.5e-05 
500oC 4.6e4 1.8e-06 9.9e4 2.2e-05 
700oC 1.9e3 9.9e-06 1.0e3 5.7e-06 
Table 4.1.  Fitting parameters for charge transfer resistance, Helmholtz capacitance, space-
charge transfer layer resistance, and space-charge layer capacitance from fits using Circuit 3. 
Reductions in charge transfer resistance for a PEC electrode are generally desirable 
but not always.  If the charge transfer resistance is too low it can drastically increase the rate 
of charge recombination thereby reducing the performance of the cell.  For this case, it is 
clear from the trend of increasing photocurrent with annealing temperature that any increase 
in charge recombination is overshadowed by improvements in electrode performance due to 
improved charge injection and transfer to the conductive substrate.  
Comparing the EIS and photocurrent data reveals a factor of 100 improvement – 
reduced impedance and increased photocurrent – between samples annealed at 500 °C and 
700 °C.   Conversely the lack of change in photocurrent between samples annealed at low 
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temperatures does not correspond to the large change observed in the EIS data.   Combining 
these observations with the optical measurements it appears that for well-ordered STO the 
improvements in photocurrent are due to the reduction in impedance that comes from the 
increase in deep donor states and conductivity.  For the growth parameters used in this study, 
samples that were not annealed or annealed at 300 °C were not crystalline and therefore did 
not have the semiconductor band structure exhibited by films annealed at higher 
temperatures.  Changes to the impedance and measured photocurrent of these non-crystalline 
samples must stem from a source distinct from the mechanism that causes impedance 
reductions and photocurrent improvements for films annealed at temperatures ≥ 500 °C.   
4.5. Oxygen Measurements  
 A certain class of experiments known as forced convection experiments intentionally 
create a state of steady convection in the electrochemical cell.  If the Nernst-Planck equation 
can be solved with this carefully controlled convection term a substantial amount of 
information can be obtained from the system.  The rotating ring disk electrode (RDE) setup is 
one of the most well-known forced convection experiments.  It involves a disk-shaped 
working electrode surrounded by an insulator except for an electrical back contact.  This 
apparatus is attached to a rotary motor with brush contacts to the electrical back contact (see 
Figure 4.7.). 
 
Figure 4.8.  a) Cut-away depiction of RDE electrode with brush contacts.  b) Depiction of 
RRDE setup with water splitting reaction. 
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 The current for the RDE setup is expressed in the Levich equation (Equation 16) in 
the case that the reaction has fast enough charge transfer kinetics that the system is mass 
transfer limited. 
𝑖ℓ = 0.62𝑛𝐹𝐴𝐷𝑜
2/3𝜔1/2𝑣−1/6𝐶𝑂,𝑏  Equation 16 
 












A simple variation of the RDE setup involves inclusion of a concentric ring electrode 
around the disk.  The disk and ring electrodes are separated by a thin layer of insulator and 
the ring is covered with insulator, similar to the disk, with its own back contact.  This 
arrangement is known as the rotating ring-disk electrode (RRDE) and it allows for collector-
generator experiments to be performed.  In a collector-generator experiment flow of the 
electrolyte over the disk electrode takes reacted products and pushes them to the ring 
electrode.  If the potential at the ring electrode is correctly tuned it can then reverse the 
reaction.  Reversal techniques like this require careful control of the applied potential at both 
the disk and ring electrodes.  Because there is an extra electrode in this setup it is necessary 
to use a bipotentiostat to separately control the potential and monitor the current for the ring 
and disk electrodes separately.   
Collector-generator experiments are extremely useful in determining if there are any 
unexpected products at the working electrode.  By setting up a reverse reaction at the disk 
and monitoring the Faradaic efficiency (𝑖𝑟𝑖𝑛𝑔/𝑖𝑑𝑖𝑠𝑘) of the system we can observe if the same 
number of charges associated with oxidizing the electroactive species are used for reducing 
101 
the product.  If there isn’t a close correlation between these currents we know that some of 
the current arises from another source (for example hydrogen peroxide formation).9 
 RRDE has many impediments that can prevent a measure of 100% Faradaic 
efficiency.  If the rotation rate is too fast, the applied potential at the ring is not optimized to 
the reverse reaction and not all reaction products will be reversed at the ring.  These variables 
also have to be correlated with the current at the disk that determines the amount of product 
passing over the ring.  If too much product arrives at the ring in too short amount of time the 
ring will be unable to reverse all of the molecules and lead to a decrease in Faradaic 
efficiency. 
PEC electrodes are often evaluated by considering the evolution of gaseous products 
from the reaction occurring at their interface.  In the case of water-splitting the half reaction 
at the photoanode is the oxygen evolution reaction (2H2O → O2 + 4H
+ + 4e−).  Following 
the technique used by Alibabaei et. al. a modified RRDE setup was used to discern oxygen 
evolution by STO electrodes annealed at 700 °C.10  The titanium substrate with a flat STO 
film was used as the disk electrode with a platinum ring electrode.  In this setup products that 
evolve at the disk are forced across the ring electrode by rotating the disk.  Products are 
detected at the ring electrode by a counter reaction.  In the case of oxygen evolution at the 
disk the oxygen is detected at the ring by a reductive reaction (O2+4H
++4e-→2H2O).  This 
strategy does not result in perfect collection at the ring, but confirms nevertheless the 
evolution of oxygen.  Figure 4.8. shows the disk and ring currents for applied voltages of 0.0 
mV and -300 mV (vs. Ag/AgCl) respectively under periodic UV-illumination at a 750 Hz 
rotation frequency.  The simultaneous currents appearing in the two plots illustrate that 
oxygen evolution is indeed occurring at these electrodes.9   
102 
 Faradaic efficiency of these measurements was strongly reliant on the disk current.  
Higher disk currents led to lower efficiencies indicating that for high disk currents more 
oxygen was made at the disk than could be reduced at the ring.  For the lowest disk current 
measured for these samples (~10 μA) the Iring:Idisk ratio was 0.95 (for maximum efficiency 
the applied voltages were Vdisk = -200 mV vs. Ag/AgCl and Vring = -300 mV vs. Ag/AgCl at 
750 Hz rotation rate).  Increased rotation rate also had a negative effect on faradaic 
efficiency. 
Figure 4.9. Sample curves for photocurrents at the disk and ring of the RRDE setup under 
illumination (Vdisk = 0V vs. Ag/AgCl, Vring = -300 mV Ag/AgCl, at 750 Hz rotation rate).  
The pH 5.8 electrolyte was used for these measurements with a 375 nm laser (4.0 mW/cm2). 
For measurements utilizing a Unisense microsensor a dual-compartment cell was 
utilized.  Electrodes for these measurements were constructed by connecting the titanium 
substrate from the RRDE experiments to a wire using a conductive epoxy (Chemtronics 
CW2400) and then covering the connection and exposed titanium with an electrically 
resistive epoxy (Hysol E-00CL).  This electrode was then submerged in a two-compartment 
photoelectrochemical cell made of borosilicate glass with a Nafion 117 exchange membrane 
between the two compartments.  The cell was made air-tight by using a PEEK cap with 
flangeless fittings and ferrules (IDEX) to seal for all ports.  A platinum counter electrode and 
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single-junction Ag/AgCl reference electrode were used to complete this 
photoelectrochemical cell.  For measurements with the Unisense probe the O2 microsensor 
was positioned in the headspace of the electrochemical cell.  The measurement was 
calibrated by taking measurements in air and in the air-tight cell after degassing with argon 
for 30 minutes.  Any leaks in the cell or drift in the electrode was accounted for by applying a 
linear fit to the dark signal and adjusting the data accordingly.  Electrolyte was stirred to 
promote oxygen diffusion into the headspace.  This alternative technique for measuring 
oxygen production could correlate the result from RRDE. 
A Unisense O2 microsensor was used to confirm oxygen evolution using the air-tight 
electrochemical cell.  After purging (argon) and sealing the cell oxygen was monitored for 10 
minutes before illumination to detect any background leak or drift in electrode signal.  A 600 
mV bias vs. Ag/AgCl was applied to the electrode.  These measurements did show O2 
production from UV illuminated films (1.7mW/cm2), see Figure 4.9., but only at a 0.2 % 
efficiency.  Higher illumination intensity led to the formation of macroscopic bubbles on the 
electrode surface.  It is possible that at the lower intensity small bubbles persisted on the 
surface and did not diffuse to the microsensor.  The combination of RRDE measurements 
and O2 sensor measurements are convincing evidence that oxygen evolution is occurring at 
these electrodes under UV illumination.   
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Figure 4.10.  Curve showing increase in oxygen in the air-tight cell due to oxidation of water 
at the illuminated STO photoanode. 
4.6. High Surface Area Experiments 
A common method for improving PEC performance is to increase electrode surface 
area thereby scaling up the number of redox reactions occurring at the electrode-electrolyte 
interface and increasing total charge transfer.  Films fabricated via PLD can be made more 
porous by increasing the chamber pressure during deposition.  STO porous films were grown 
using an optimized back pressure based on previous work done with ITO porous films.11  See 
Figure 4.10. for an SEM image of a porous STO film.  The structure of these films was too 
delicate to use with the RRDE setup.  Instead titanium substrates with STO films were 
attached to wires using a conductive epoxy.  Flat film electrodes constructed with the wire 
electrode setup exhibited slightly less photocurrent than flat films in the RRDE setup due to 
an increase in contact resistance between the substrate and the external circuit. 
Comparison of the photocurrents for the resulting films showed a 60 % improvement 
over flat films, see Figure 4.11.a.  The difference in measured photocurrent between these 
two films did increase with higher applied potentials.  Depositions on fused silica showed 5.0 
% UV light absorption for flat films (700 °C) and 6.7 % absorption for porous films (700 °C) 
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at 375 nm.  Because there is only a minor increase in absorption presumably the change in 
current comes from increased surface area due to a higher porosity.  Qualitatively it appears 
that the increase in surface area is greater than 60 %.  Impedance spectroscopy data are 
shown in Figure 4.11.b. for these films in the wire electrode setup.  Since we are not able to 
quantify with precision the enhanced surface area at this moment, we can only speculate that 
perhaps the slight increase in impedance for porous films could prevent a linear improvement 
in photocurrent. 






Figure 4.12.  a) Photocurrent comparison of flat, dense STO film electrode and porous STO 
film electrode.  b) EIS curves for non-illuminated porous and flat films using the wire-
electrode assembly. 
4.7. Summary 
STO films on Ti substrates allowed for a more in-depth study of the photocatalytic 
performance of STO as a photoanode.  Optical measurements showed significant changes to 
films annealed at higher temperatures.  Spectroscopic ellipsometry indicated increased 
crystallinity with higher annealing temperature.  Higher annealing temperatures also led to 
extinction coefficient spectra that point to diminished optical bandgaps.  Both observations 
are indicative of significant changes to the band structure of these films.  Higher annealing 
temperatures exhibit significantly reduced impedance that contributes to improved electrode 
performance.  This reduction in impedance is a result of decreased resistance at the 
electrode/electrolyte interface and in the space charge layer.  The literature on STO suggests 
the mechanism for this change is the creation of both deep and shallow donor states in the 
crystalline films.  This systematic characterization of annealing temperature effects on the 





4.8. Additional STO Modifications 
 Beyond annealing temperature and atmosphere there are a number of other alterations 
that can be made to these films to improve their performance.  As mentioned in Chapter 1 
doping of STO electrodes can improve their anodic and cathodic performance.  PLD is a 
convenient platform for doping in that multiple targets can be used to make a single film.  
For example, using an STO target in conjunction with an Nb2O5 target a niobium-doped STO 
film can be grown on the film surface.  This type of layered growth is beyond the scope of 
this work but an STO:Nb target was obtained to compare the effects of annealing conditions 
to films without STO.  Photocurrents of measurements on these films showed only modest 
improvements for Nb-doped STO films over the undoped variety (both annealed at 700 oC).  
See Figure 4.12 for results.  Interestingly, for solar simulator lightsource with the UV range 
(<400 nm) filtered out there was no difference between STO and STO:Nb films.  The 
implication is thus that the niobium doping improved the absorption of short wavelengths but 
not long wavelengths. 
Figure 4.13.  Comparison of nonsensitized STO films and nonsensitized STO:Nb films.  a) 
Photocurrent under UV illumination.  Electrolyte was pH 4.2 containing 20 mM 
Hydroquinone.  Applied potential was 0.2 V vs. NHE bias.  Lightsource was a solar 
simulator (10% solar spectrum). 
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4.9. Alternative Dyes 
 Photocurrent measurements of dye-sensitized STO film electrodes on Ti substrates 
are not ideal but were attempted.  Without a dye that can efficiently inject charges into STO 
the performance of these electrodes will be stunted.  Here, because of their availability, two 
ruthenium-based dyes were separately adsorbed on film surfaces and tested for performance 
improvements.  Unfortunately because of the opaque Ti substrate transient absorption 
measurements are not a possibility for these electrodes thus we are limited to comparisons of 
the sensitized electrode to the unsensitized electrode.  EIS was attempted but did not yield 
consistent results from one run to the next. 
 For one set of films a dye, RuP, was used similarly to MPZnP.  Loading time for this 
dye was very low, on the order of 15 minutes.  Performance of RuP-sensitized electrodes was 
slightly improved over non-sensitized counterparts.  For this dye a low pH solution was 
necessary to avoid desorbing the dye from the electrode.  Because of this the measurements 
are not well-suited to comparison with earlier measurements.  
 Figure 4.13. shows three sets of samples investigating the RuP sensitizer.  All films 
were illuminated with a solar simulator (10%) with wavelengths < 400 nm filtered out. From 
these plots we observe that STO films sensitized with RuP do not perform as well as films 
sensitized with MPZnP.  It does appear to inject into STO better than it injects into TiO2.  We 
also see that RuP seems to inject better into STO:Nb than into STO.   
109 
Figure 4.14. a) Comparison of bare STO with STO sensitized with MPZnP and RuP.  (0V 
vs. NHE, filtered solar simulator lightsource, 400 nm cutoff filter).  b) Comparison of 
performance for STO sensitized with RuP to TiO2 sensitized with RuP. (0.4V vs. NHE, 
filtered solar simulator lightsource, 400 nm cutoff filter) c) (pH 1 electrolyte, 0.2V vs. NHE, 
filtered solar simulator lightsource) 
 A second dye, RuCP, was also tested.  RuCP has shown some capacity to work well 
with electrodes that can work photoanodically and photocathodically.12  Thus it might pair 
favorably with some of the STO film electrodes developed here.  Attempts to pair RuCP with 
films annealed in hydrogen and pure oxygen did not reveal significant differences in 
photocurrent for films in Argon-saturated solution compared to CO2 saturated solution.  It did 
prove useful in evaluating the effectiveness of high surface area (see Figure 4.14.). It was 





sensitized, flat STO electrodes increased with increasing potential but was small for low 
potentials.   
Figure 4.15.  RuCP sensitized flat and porous STO films are compared to a nonsensitized, 
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5.1. Implications of this Work 
 Interest in using STO as a photoelectrode for PECs or DSPECs has been based on its 
electrochemical stability and that its conduction and valence band edges straddle the redox 
potentials of H2O.  Significant work had previously been done on the effects of annealing 
conditions on STO1–15 and on STO as a photoelectrode for PEC and DSPEC applications in 
previous literature.16–32  However the effects of anneals on the performance of STO 
photoelectrodes had not been systematically studied.  In this work, we have studied the 
impact of varying annealing atmospheres and temperatures on STO photoelectrodes that 
were bare and dye-sensitized.  This work thoroughly shows the effects of these two variables 
where previously they could only be inferred based on a body of work that utilized an 
enormous variety of STO substrates, deposition techniques, and post-growth treatments. 
5.2. Summary of Results     
 In this work, three distinct annealing atmospheres were used to anneal STO 
photoelectrodes that were studied for DSPEC applications.  Annealing in oxygenated 
atmospheres led to sensitized electrodes that could work cathodically or anodically 
depending on the applied potential.  Films annealed in a hydrogen environment exhibited the 
highest photocurrents at low applied potentials.  The flat-band potentials of the bare films 
were calculated via Mott-Schottky analysis.  While flat-band potentials did not correspond 
exactly with the potentials that showed the onset of photoanodic current, a result previously 
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reported for STO33, films that had more negative flat-band potentials had lower onset 
potentials.34   
 MPZnP was used for sensitizing STO photoanodes because previous work suggested 
it would be able to efficiently inject charge into STO.  Chenodeoxycholic acid was used to 
prevent aggregation and loading time was determined by establishing an absorption isotherm.  
A substantial increase in photocurrent was observed for sensitized films as compared to 
nonsensitized films. (x3 increase for 75 mW/cm2 at 445 nm)  Transient absorption 
measurements (ultrafast and nanosecond timescales) showed that large losses were sustained 
through dye aggregation and chromophore-chromophore interactions.  Porphyrin dyes have 
previously exhibited similar problems with charges falling into the molecular triplet state 
instead of being injected into the STO film.34 
 Films tested in Chapter 3 were limited by the use of an FTO substrate.   While the 
FTO substrate permitted absorption measurements of the sensitized films they could not 
exceed a 500 oC post-deposition anneal without experiencing increases in resistivity or even 
cracking.  A number of alternative substrates were tested and eventually a titanium substrate 
was selected for higher temperature investigations.  Even this substrate could not withstand 
temperatures in excess of 700 oC without starting to lose conductivity and required a 
protective layer of Al2O3 on surfaces not covered by STO.   
With the Ti substrate, STO films were thus annealed up to 700 oC.  Films annealed at 
this highest temperature yielded substantially higher photocurrents than low-temperature 
processed films (x104 μA/cm2 increase from unannealed to those annealed at 700 oC).  The 
mechanisms behind this change were studied with spectroscopic ellipsometry and 
electrochemical impedance spectroscopy.  Higher temperature anneals led progressive optical 
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changes as the films develop bandgaps and are reduced by the annealing process leading to 
dopant states that narrowed the bandgap.  EIS measurements showed reductions in bulk and 
interfacial (charge-transfer) impedance on the order of 104 Ω.     
RRDE and a Unisense oxygen sensor separately confirmed oxygen evolution at the 
STO electrode. The efficiency calculated from these two methods were extremely different.  
Efficiency calculations based on the Unisense measurements suggested that oxygen evolution 
at these electrodes was less than one percent efficient.  Current measurements at the ring 
electrode plateaued quickly suggesting that the disk was producing more oxidized species 
than the ring could reduce.  By minimizing the current at the disk electrode a Faradaic 
efficiency of 95% was calculated for thin STO films.  It is possible that the low Unisense 
value is a result of air bubbles forming on the electrode surface and not dissolving into 
solution.  At high applied bias visible bubbles appeared on the surface that did not detach on 
the timescales observed for these measurements. 
 A number of other variations were attempted with STO films including Nb-doping, 
higher surface area films, and alternative sensitizers.  Co-loading MPZnP and a catalyst led 
to improvements in photocurrent though it required a much lower pH to avoid desorption of 
the catalyst.  Sensitization with RuP and RuCP only led to small improvements in 
photocurrent, substantially less than those associated with MPZnP.  Of these changes, 
increasing the surface area had the largest effect on photocatalytic performance though the 
effects due to Nb-doping were modest as well.   
 This study has systematically characterized changes in these films associated with 
post-deposition anneals that led to improved performance.  Results suggest that improved 
performance of STO films in DSPEC devices can be achieved by annealing at high 
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temperature in a hydrogen environment to reduce bulk impedance and charge-transfer 
impedance.  This result resolves a previously reported issue with STO films used in DSSCs.35   
The efficiency of these electrodes in DSPECs is limited by the energetics of the 
sensitizer.  A sensitizer that is optimized for these films could solve this problem.  Because a 
porphyrin sensitizer did not function well with these electrodes it could be advantageous to 
examine other classes of chromophores for STO electrodes.     
5.3. Future Work 
 These investigations into dye-sensitized STO films were limited by poor dye-
electrode charge transfer.  A chromophore that could more efficiently pass charges to the 
conduction band states (or dopant energy states) of STO would allow a better evaluation of 
these photoelectrodes for use in DSPECs.   
 Another persistent difficulty was the choice of film substrate.  While the titanium 
substrate did allow for the higher annealing temperatures that proved so beneficial for 
photoelectrode performance it does not allow the use of stacked device architectures or 
measurements of the dye-electrode kinetics.  A transparent, conductive substrate that can 
survive high-temperature anneals in a hydrogen environment without fracturing the STO film 
on its surface would permit extensive additional studies into these photoelectrodes and their 
performance. 
 There is substantial evidence in literature that STO can be doped to work as a CO2 
reducing electrode.  While the study of such films was not a primary goal of this work it was 
briefly touched on and showed a small amount of possibility.  Optimization of annealing 
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